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Preface 
 
This thesis comprises two main parts: (1) physiotherapy for contractures and (2) impact of 
contractures on knee biomechanics. The content of the thesis is organised in 7 chapters. 
Each chapter has its own reference list.  
 
Chapter 1 is an introduction which outlines the general theme of the thesis. Chapter 2 is a 
literature review which provides an overview of the relevant literature and research on 
physiotherapy for contractures and the impact of ankle contractures on walking. Chapter 3 
is a case report which describes the management of chronic contractures of a young 
adolescent. The content is presented as published in the Physiotherapy Canada. Ethics 
approvals were obtained from the Human Research Ethics Committees of University of 
Sydney, Northern Sydney Central Coast Area Health Service and Royal Rehabilitation Centre 
Sydney. Chapter 4 describes a multi-centre randomised controlled study which investigated 
the effectiveness of the addition of electrical stimulation to a splinting regimen. Ethics 
approvals were obtained from the Human Research Ethics Committees of the Northern 
Sydney Central Coast Area Health Service and all the participating hospitals (namely, Royal 
Rehabilitation Centre Sydney, Balmain Hospital, Liverpool Hospital). It is presented as 
published in the Journal of Physiotherapy. This paper features in the ‘most downloaded’ list 
from Science Direct for the first quarter of 2013. Chapter 5 presents a multi-centre 
randomised controlled study which investigated the effectiveness of a program combining 
tilt table standing, electrical stimulation and splinting. It is presented in the format as 
required by the Journal of Physiotherapy where the paper has been accepted for 
publication. Ethics approvals were obtained from the Human Research Ethics Committees of 
xii 
 
the Northern Sydney Central Coast Area Health Service and all the participating hospitals 
(namely, Royal Rehabilitation Centre Sydney, Liverpool Hospital and Westmead Hospital). 
Chapter 6 is a published paper which describes the impact of ankle contractures on the knee 
joint and spatiotemporal parameters. It is presented as published in Clinical Biomechanics. 
Ethics approval was obtained from the Human Research Ethics Committees of the University 
of Sydney. The conception and design of all the four studies (Chapters 3 to 6) originated 
from Joan Leung, the PhD Candidate, who was also responsible for data collection, analysis 
and interpretation of the findings and writing of the manuscripts. She also made major 
contributions to the revisions of the content of all these manuscripts for publications.  
 
Finally, Chapter 7 provides a summary of the principal findings, clinical implications and 
limitations of the studies, and suggestions for further research. The procedure manuals for 
the two randomised controlled trials (Chapters 4 and 5) are included in the Appendices. 
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Abstract 
 
Contractures are a common problem after acquired brain injury. They are undesirable 
because of their potentially serious implications on motor recovery, functional outcomes 
and care needs. There has been increasing research directed at identifying effective 
treatment for contractures. Yet no solution has been found. There is also little information 
on the impact of contractures on the characteristics of gait. Much research is required in 
these areas to guide clinical practice. This thesis therefore focuses on two main aspects: (1) 
physiotherapy for the treatment of contractures and (2) impact of ankle contractures on the 
knee joint on walking. 
Passive stretch has been the most widely used method to prevent and correct contractures. 
However, latest research indicates that regular passive stretch, as typically applied by 
clinicians, does not produce clinically worthwhile or lasting effects in people with 
neurological conditions. It is probable that the doses of passive stretch were insufficient in 
these studies, and passive stretch was not combined with treatments that address the 
factors that contribute to contractures such as spasticity and muscle weakness. To lend 
support to this argument, a case report (Chapter 3) is firstly presented. It describes an 
adolescent whose severe knee contractures did not respond to usual care (12 hours of 
passive stretch using splinting) but resolved after the dose of passive stretch was increased 
to 24 hours day using serial casting, and the effect was maintained by an intensive program 
combining splinting (24 hours of stretch a day) with motor training administered over 10 
months. This report is the first documented case involving the use of intensive passive 
stretch for more than 6 months and a follow-up at 5.5 years post injury. This case report 
suggests that passive stretch is effective when a high dose is used and when it is combined 
with treatments that address the contributors to contractures. Most importantly, 
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interventions have to continue until the underlying causes of contractures are adequately 
addressed. Admittedly, the case report provides only weak evidence. Spontaneous recovery, 
however, is unlikely in this case as no progress was made in the initial seven months before 
serial casting. Nonetheless, further scrutiny within a clinical trial will be needed to confirm 
the effectiveness of this treatment approach. 
Electrical stimulation, through its effects on improving muscle strength and spasticity, is 
potentially useful for addressing the contributors to contractures. A randomised controlled 
study (Chapter 4) was therefore conducted to evaluate the effectiveness of electrical 
stimulation as an adjunct treatment for wrist contractures in people with acquired brain 
injury. Thirty six adults with stroke or traumatic brain injury participated in a 4-week 
program. The experimental group received electrical stimulation to wrist and finger 
extensors for 60 minutes a day, and hand splinting for at least 12 hours a day. The control 
group only received hand splinting. The adherence to treatment was overall good. The study 
found a mean (95% CI) between-group difference in wrist extension at week 4 (post-
intervention) of 7 degees (-2 to 15). This effect size exceeded the pre-determined minimally 
important effect of 5 degrees. However, the estimate was associated with considerable 
imprecision (as reflected by the wide 95% CI) leading to an uncertainty about the added 
benefit of electrical stimulation. The effect on wrist extension was lost at follow-up, that is, 
2 weeks after cessation of electrical stimulation. The expected treatment effects of electrical 
stimulation on strength, spasticity and motor control were not observed, and this may be 
the reason for not finding a large or sustained effect on wrist extension.  
Contractures may be best managed by a program combining passive stretch with 
treatments that address the contributors to contractures. To test this hypothesis, a 
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randomised controlled study (Chapter 5) was conducted. It assessed the effectiveness of a 
combined treatment program for ankle contracture management. Thirty six people with 
first severe traumatic brain injury and ankle contractures participated in the study. Both 
groups underwent a 6-week program. The experimental group received electrical 
stimulation, tilt table standing and ankle splinting, while the control group received tilt table 
standing alone. Adherence to treatment was variable due to reasons including behavioural 
issues, medical reasons and discharges. The study found that the combined program did not 
have an effect on passive ankle range of motion (-3, 95% CI -8 to 2), motor function, walking 
speed and global perceived effect of treatment compared to tilt table standing alone. There 
was a small reduction of spasticity following the 6-week program (-1, 95% CI -1.8 to -0.1) but 
this effect dissipated at follow-up 4 weeks after the program. Overall, the study did not find 
the combined program more effective than tilt table standing alone in the management of 
contracture for people with severe traumatic brain injury. 
Electrical stimulation was used as an adjunct treatment in both randomised controlled 
studies to address spasticity and muscle weakness; factors that are believed to contribute to 
contractures. No convincing effect on spasticity, muscle strength or motor function was 
found. It is possible that an insufficient dose of electrical stimulation was used in these 
studies. It is also possible that electrical stimulation is ineffective for people with severe 
motor and cognitive impairments; the target populations of these studies. Future research 
may have to consider other treatment options as adjunct treatments for contracture 
management in people with severe brain injury. 
The second part of the thesis focused on the impact of ankle contractures on walking. Ankle 
contractures and knee hyperextension gait are both common problems after stroke and 
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often co-exist. Although they appear to be closely linked, their relationship is unclear. A 
within-subject observational study (Chapter 6) was therefore conducted to investigate the 
impact of simulated ankle contractures on the knee joint during stance. Thirteen healthy 
subjects participated in the study. An ankle-foot-orthosis was used to simulate ankle 
contracture of two severities (mild and severe). The study found that ankle contractures are 
associated with increases in knee extension 5 (95% CI 0 to 10) degrees in the mild 
contracture condition and 9 (95% CI 2 to 17) degrees in the severe contracture condition. 
This association implies that ankle contractures may play a role in the knee hyperextension 
gait; a common gait disorder following acquired brain injury. Ankle contractures are also 
associated with reductions in extension moment and power generation at the knee. This 
finding suggests that the movement of knee into hyperextension is largely passive but 
controlled by increased eccentric knee flexor activity. Different to previous research, this 
study found more than one gait pattern secondary to ankle contractures. While a majority 
of our participants adopted a foot-flat pattern and exhibited an increase in knee extension, 
two participants adopted a toe-walking pattern and showed an increase in knee flexion. This 
study also confirmed the finding of a previous study that ankle contractures have an adverse 
effect on spatiotemporal parameters including gait velocity, cadence and step length. In 
addition, this study showed that all the changes were more profound in the severe 
contracture condition than mild contracture condition. 
In summary, the thesis adds knowledge to the limited evidence on contractures. Effective 
management of contractures may require passive stretch of high intensity and in 
combination with treatments that target the underlying causes of contractures. The case 
report provides an initial support for this proposition. The two randomised controlled trials 
demonstrate that electrical stimulation administered in conjunction with passive stretch is 
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not more useful than passive stretch alone for people with severe motor and cognitive 
impairments. The data of these two studies are potentially useful for future meta-analyses. 
The suggestions stemming from these studies may provide guidance for further 
investigations into contracture management. The second part of the thesis investigates the 
impact of ankle contractures on the knee joint. The observational study establishes the link 
between ankle contractures and increased knee extension, and identifies the two gait 
patterns that are associated with simulated ankle contractures. This information contributes 
to the understanding of gait deviations that are secondary to ankle contractures. 
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Chapter 1 
Introduction 
 
1.1 Background information 
 
Acquired brain injury, such as stroke and traumatic brain injury, are significant causes of 
disability in Australia. An estimated 1.8% of the population (376,000 people) suffers a stroke 
at some time in their lives. There are about 53,000 stroke events,1 and more than 13,000 
cases of hospitalised traumatic brain injury every year.2 While the cases vary in severity, 
many survivors have life-long consequences including activity limitations and reduced 
quality of life.3 Disability associated with motor impairments is very common after acquired 
brain injury.4 Primary impairments (for example, muscle weakness and loss of dexterity) 
result directly from the neurological lesions, and contribute to functional deficits after 
stroke or traumatic brain injury. Hence they are the main focuses of rehabilitation. 
Secondary impairments, such as contractures, arise from adaptations to the primary 
impairments.5 They also impose major hindrances to functional recovery, and play a 
significant role in determining functional outcomes and quality of life. Thus prevention and 
treatment of secondary impairments are as important as managing primary impairments, 
and have always been an integral part of the overall management.  
Contractures are losses in joint range due to changes in the passive mechanical properties 
soft tissues spanning joints.6-10 They are a common secondary impairment following 
acquired brain injury. Contractures are undesirable because they interfere with 
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movement,11,12 restrict function and limit activities of daily living. It is therefore not 
surprising that contractures are associated with poor rehabilitation outcomes.13-15 The 
challenge confronting clinicians is that contractures are difficult to treat, and they often 
occur and persist despite treatment. This thesis aims to contribute knowledge to two key 
aspects of contractures: (1) physiotherapy for the treatment of contractures, and (2) impact 
of contractures on walking. The main focuses are on contractures in adults with stroke and 
traumatic brain injury. These two clinical populations are selected because their clinical 
presentations are very similar and contractures are common amongst them.5,16-23 
Throughout the thesis, the term acquired brain injury is used to refer to both stroke and 
traumatic brain injury. The literature review (Chapter 2) focuses primarily on studies that 
are relevant to acquired brain injury. 
Management of contractures traditionally has been based on theoretical knowledge, 
anecdotal experience, therapists’ preference and trend of practice rather than evidence. 
Passive stretch has been the main method for prevention and correction of contractures. It 
is applied by holding joints at or near their end-position with an aim to increase muscle 
extensibility and therefore joint mobility. Commonly used stretch interventions include 
positioning, manual stretching, tilt table standing, splinting and serial casting. These 
interventions are widely used and well accepted because of their seemingly sound biological 
plausibility and empirical basis.9,24-29 However, there is mounting evidence that passive 
stretch, as typically applied by clinicians, is ineffective.30 This finding has led to increasing 
doubt about the clinical value of passive stretch and contention regarding its use. Much 
evidence is needed to guide clinical decisions on contracture management. 
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In this thesis, a case report (study 3) is presented to describe an adolescent for whom an 
intensive stretch program was conducted in conjunction with motor training. The aim of this 
case report is to lend support for using high intensity passives stretch and combining it with 
treatments to address the underlying causes of contractures. It was written with the clear 
view that case reports only provide weak evidence. Nonetheless, it is the first documented 
case that involves passive stretch for more than 6 months, motor training for 1.5 years and a 
follow-up at 5.5 years post injury. This case report is presented in Chapter 3. 
A randomised controlled trial was conducted to investigate the effectiveness of electrical 
stimulation as an adjunct treatment for contracture management. Electrical stimulation was 
selected because of its potential effect on addressing muscle weakness and spasticity; 
factors believed to contribute to contractures. The aim of this study is to investigate the 
benefit of adding electrical stimulation to a program of passive stretch. The results are 
presented in Chapter 4. 
Furthermore, I hypothesised that contractures were best dealt with by a combined program 
addressing both muscle shortening and factors that contribute to contractures. The second 
randomised controlled study was conducted to assess the effectiveness of a program 
combining splinting and tilt table standing with electrical stimulation. Comparison was made 
with tilt table standing alone. The results of this study are presented in Chapter 5. 
There are certain similarities between these two randomised controlled studies. They both 
involved people with severe motor and cognitive impairments who were receiving 
rehabilitation after acquired brain injury; used electrical stimulation in conjunction with 
passive stretch; relied on measures of muscle extensibility as the primary outcome measure, 
and spasticity, motor control and activity limitations as the secondary measures. In addition, 
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they both were pragmatic trials exploring clinical use of intervention programs. Thus, it was 
important to explore practicality, perceived treatment effect and credibility of program 
from the view point of therapists and participants. Ankle and wrist joints were chosen 
because these joints are most vulnerable to contractures.5,16-18,31  
The second part of the thesis aims to improve the understanding of the impact of 
contractures on walking. Clinicians need a good understanding of the gait deviations 
secondary to contractures so that they can identify the causes of gait deviations and apply 
appropriate treatment strategies to improve mobility, gait and walking efficiency. Ankle 
contractures are common after brain injury.23,31 While there are suggestions that ankle 
contractures are closely related to knee hyperextension gait,32-34 research findings on this 
have been conflicting. A within-subject observational study was therefore conducted to 
investigate the changes of knee biomechanics secondary to ankle contractures. An ankle-
foot-orthosis was used to simulate ankle contracture of two severities. Healthy subjects 
were recruited so as to assess the effect of ankle contractures without confounding by the 
primary motor impairments after acquired brain injury. The findings of the study are 
reported in Chapter 6. 
Overall, the two main objectives of this thesis are: first, identifying effective treatment for 
contractures; and second, understanding the effect of ankle contractures on knee 
biomechanics. We hope that this information will add to the existing evidence that guides 
the clinical management of contractures. The ultimate aim of this thesis is to improve the 
health outcome and quality of life of people with acquired brain injury. 
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Chapter 2 
Literature Review 
 
2.1 Acquired brain injury 
 
2.1.1 Overview 
Acquired brain injury is damage to the brain that occurs after birth. It encompasses a variety of 
conditions such as stroke, traumatic brain injury, hypoxia, substance abuse, toxic exposure, 
dementia, diffuse infectious disorders and brain tumours. Acquired brain injury is unrelated to 
congenital disorders, developmental disabilities, or processes that progressively damage the 
brain.1 Stroke and traumatic brain injury are the most common forms of acquired brain injury.2 
Stroke results from an abnormality of a cerebrovascular origin in the brain, whereas traumatic 
brain injury is caused by a trauma from an external force to the brain such as motor vehicle 
accident, fall and assault. Both conditions bear similar clinical characteristics including sudden 
disturbances of cerebral functions and signs of upper motor neuron lesions. However, 
traumatic brain injury, owing to the more diffuse nature of injury, tends to have greater 
bilateral cortical involvement and often results in more diverse loss of motor control than 
stroke.3  
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Acquired brain injury is a major cause of disability worldwide.4 In Australia, 2.2% of the 
population (that is, 432,700 people) had an acquired brain injury with limitation of activities 
(disability) and reduced participation (handicap) in 2003.5 The economic consequences are 
enormous as people with acquired brain injury are more likely to need assistance with mobility, 
self-care, daily activities and societal participation than people with disability generally.5 Stroke 
alone contributes to approximately 25% of chronic disability costing over AUD 1.3 billion 
annually.6 The total estimated cost of traumatic brain injury is over AUD 8.6 billion while the 
estimated costs of long-term care for people with moderate and severe traumatic brain injury is 
over AUS 300 million and 900 million, respectively.7 Improving the health outcomes of people 
with acquired brain injury would help optimise individuals’ independence and also ease the 
economic burden on society. 
2.1.2 Impairments after acquired brain injury 
Neurological impairments following an acquired brain injury can be classified as primary and 
secondary. Primary impairments are deficits that result directly from the brain lesion. There are 
many types of primary impairments. Motor impairments are amongst the most common and 
widely recognised primary impairments. Examples of motor impairments are muscle weakness, 
spasticity and reduced dexterity. They affect an individual’s physical capacity to perform 
everyday activities and thus are a main source of disability. Therefore, much of the focus of 
rehabilitation is on the management of motor impairments and recovery of the associated 
functions. However, cognitive impairments, like confusion, loss of memory, reduced executive 
function and poor concentration, are also common after acquired brain injury.8-14 These 
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cognitive and behavioural sequelae can impact on how a person with acquired brain injury can 
participate in rehabilitation.  
Secondary impairments are complications caused by primary impairments, and thus potentially 
can be minimised or prevented. Like primary impairments, secondary impairments play a major 
role in determining a person’s ultimate level of independence and quality of life. Hence, 
prevention and management of secondary impairments are as important as that of primary 
impairments. Contractures are amongst the commonest secondary motor impairments in 
people with severe acquired brain injury.15 There are many varied definitions of contractures. In 
this thesis, contractures are defined as a loss in joint range of motion due to changes in the 
passive mechanical properties of soft tissues spanning joints.16-20  
 
2.2 Physiology and measurement of contractures 
Movement is essential for maintaining the passive mechanical properties of soft tissues. Animal 
models show that soft tissues undergo a remodelling process when they are subjected to 
prolonged immobilisation in a shortened position.21-29 Within a muscle-tendon unit, there is a 
loss of the number of sarcomeres in series,19,23,25,30,31 and a reduction in tendon length32 
resulting in an overall shortening of the unit.26 There are also increases in the proportion of 
intramuscular connective tissue,19,21,33 the number of perpendicularly oriented collagen 
fibers34,35 and cross-bridges between collagen fibres.36 Both the perimysium and endomysium 
thicken.33,35,37 In the periarticular connective tissues, the amount of collagen, water and other 
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extracellular components reduces while cross-links between fibres increases.28,29,36 In the 
capsule and synovium, there are disordered deposition of fibrils, adhesions and reduced gliding 
between fibres.16,28 These morphological alterations change the passive mechanical properties 
of soft tissues. Notably, there are changes in the length and passive stiffness of soft tissues 
resulting in a reduced length at a given tension. The term extensibility is commonly used to 
capture these passive mechanical changes in soft tissues. Reduced extensibility in soft tissue 
structures spanning joints restricts joint range of motion and results in contractures.  
The morphological changes associated with contractures have primarily been investigated in 
animals because these types of investigations require invasive procedures which are not 
possible in humans. Of late, advancements in medical technologies have permitted 
investigations in human muscles using non-invasive methods. A study using ultrasound imaging 
on people with stroke showed that contractures are due to reductions in the length of 
muscles.38 This finding is consistent with that observed in animal models. 
Immobilisation in a shortened position leads to an increase in passive stiffness of 
muscles.18,25,39,40 Passive stiffness is a measure of the passive length-tension properties of a 
muscle, that is, the tension encountered in a muscle at different lengths without any muscle 
activity.25,26 It is described as the ratio of change in tension to change in length. Stiffness is the 
slope of a length-tension curve. Increases in passive stiffness are demonstrated by increases in 
the steepness of the length-tension curves. Figure 1 shows a length/tension curve of a mouse 
muscle immobilised in a shortened position and comparison is made with that of a normal 
muscle.25 A muscle immobilised in a shortened position shows a steeper slope. The curve also 
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shifts to the left of that of a normal muscle. These changes are due to a loss of sarcomeres, and 
the remaining sarcomeres are stretched.  
Figure 1. Length/tension curves for a muscle immobilised in a shortened position and a normal 
muscle (control).25  
 
 
Measurements of passive stiffness are a good way to demonstrate changes in the passive 
mechanical properties associated with contractures. Passive stiffness is the slope of the torque-
displacement curve of a joint (Figure 2). However, the measurement procedure is complex and 
time-consuming as it involves repeated measurements of passive joint range of motion at 
various torques or it involves continuous data sampling of both displacement and torque. For 
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practical reasons, clinicians often choose to measure one point on the torque/displacement 
curve instead, that is, measure passive joint range with a single known torque as illustrated in 
Figure 2. Standardisation of torque is an important consideration when using passive joint 
range of motion to reflect soft tissue extensibility. It minimises measurement errors associated 
with uncontrolled torques and altered stretch tolerance of an individual.41-43 Passive range of 
motion measures the extensibility of all soft tissues spanning the joint, not just muscles. 
However, muscles that span more than one joint offer a unique opportunity for passive joint 
range of motion to quantify muscle extensibility by manipulating the position of the joints 
spanned by the muscles. For instance, extensibility of a bi-articular muscle like gastrocnemius 
can be reflected by the change in the passive ankle joint range of motion measured with the 
knee joint flexed and then with the knee extended.44 This change in passive joint range of 
motion in one joint resulting from another joint being manipulated into varied positions also 
highlights the importance of consistent positioning of joints while measuring the target joint 
when assessing extensibility of muscles than span over more than one joint. 
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Figure 2. Torque/displacement curve for the ankle joint with the knee extended.45 
 
 
2.3 Epidemiology of contracture after acquired brain injury 
 
Contractures are common following acquired brain injury.46 Up to 84% of patients with 
craniocerebral trauma47 and about 50% of patients with stroke develop contractures.48-51 
Reports of incidence however vary substantially.50 For instance, one year after stroke the 
incidence ranged from 23%52 to 60%.51 Variability also exists in the reported incidence of 
contracture for specific joints. For example, the reported incidence of ankle contractures after 
traumatic brain injury varies from 16%53 to 76%.47 At present, there is a lack of large 
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on data collected from individual health institutions which have different standards of care and 
admission criteria. In addition, while some studies use representative samples by including all 
consecutive admissions, others use samples of convenience which might not be representative. 
Other factors which may contribute to the variability in results include differences in the way 
contractures are defined and measured, and differences in the characteristics of the cohorts 
(such as, severity of brain injury and stage of recovery). It is, therefore, hardly surprising to see 
a wide range in the reported incidence of contractures. Notwithstanding the variability, these 
figures serve to illustrate that contractures are a common secondary impairment of acquired 
brain injury.  
 
2.4 Contributors to the development of contracture after acquired brain injury 
 
2.4.1 Muscle weakness and associated loss of motor function 
Muscle weakness is a typical primary motor impairment of acquired brain injury. Muscle 
weakness following acquired brain injury is due to the altered neural input secondary to 
damage to the brain which compromises neuronal recruitment and volitional muscle activation. 
Up to 81% of individuals with stroke experience muscle weakness on the side contralateral to 
the cerebral lesion.54 Following an acquired brain injury, muscles can further be weakened 
through disuse and immobility. Muscle weakness reduces movements, and in severe cases 
immobilises a limb and deprives soft tissues of stretch. This predisposes muscles placed in 
shortened positions to contractures. Similarly, muscle imbalance places joints in fixed positions 
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and increases the risk of contractures. A number of studies have demonstrated the close 
relationship between contractures and muscle weakness or related motor deficits such as 
reduced dexterity functional ability and mobility.49-51,55-60 Not surprisingly, people without early 
signs of motor recovery are prone to contractures.57,58,61  
2.4.2 Spasticity 
Spasticity is another common primary impairment of acquired brain injury, and is thought to be 
a result of neural reorganisation after brain lesions.62-64 The most widely accepted definition of 
spasticity is “a motor disorder characterised by a velocity-dependent increase in tonic stretch 
reflexes with exaggerated tendon jerks, resulting from hyperexcitability of the stretch reflex, as 
one component of the upper motor neuron syndrome”.65 Following a stroke, 19 to 30% of 
people develop spasticity within 3 months, and the incidence of spasticity increases to as high 
as 39% after 12 months.48,66-72 The incidence of spasticity is even higher in people with severe 
traumatic brain injury, with up to 88% of them developing spasticity within 14 days of injury.73 
Spasticity, like muscle weakness, can induce contractures by immobilising a limb in a fixed 
position16 but the remodelling process is likely accelerated by the chronic tonic contractile 
activity associated with spasticity.24,74 Spasticity may further contribute to contractures through 
an alteration of muscle fibre composition75-79 and increased cross-bridge attachments.80 
The association of spasticity with contractures has been well documented.17,48,76,81-88 Both 
spasticity and contractures contribute to hypertonia;89 a term that describes the increased 
resistance of muscles encountered during passive lengthening in people with neurological 
impairments.90 Contractures contribute to hypertonia through the increased passive stiffness 
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secondary to immobilisation in shortened positions. Whereas, spasticity contributes to 
hypertonia through hyperexcitable stretch reflex such as hypersensitive muscle spindles and 
increased tonic muscle activation.89 Importantly, laboratory examinations of the passive 
properties of spastic muscles have found significant structural alterations similar to that 
associated with contractures including shorter resting sarcomere length, greater passive 
modulus, shorter fascicular length, increased extracellular matrix compliance and endomysial 
connective tissue proliferation than normal muscles.91-94 Soft tissues of hemiplegic patients 
with spasticity have been found to be nearly three times stiffer than that of the age matched 
controls.76 All these observations suggest that spasticity plays a significant role in contracture 
development after acquired brain injury. 
2.4.3 Combined factors 
Spasticity and muscle weakness are both common primary motor impairments and often co-
exist after an acquired brain injury. They individually or concomitantly predispose soft tissues to 
shortening. Their contribution to contractures has been confirmed by two longitudinal studies. 
One study identifies spasticity as the main contributor in the first 4 months after stroke and 
thereafter muscle weakness.49 The other study reports muscle weakness as the most significant 
predictor for contractures after stroke, and up to 20% of variation in contracture development 
can be explained by strength, spasticity, age, pre-morbid function and pain.50 Importantly, it is 
the interactions amongst spasticity, weakness and contractures that may add complexity to this 
problem. The theoretical chains of events are illustrated in Figure 3. Contractures make 
movements difficult by decreasing the available range of motion in the joint and increasing 
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resistance to movement.48,82 Contractures also place the antagonists in a lengthened position 
making the muscles less efficient in generating tension to produce movements.25,95 Thus, 
contractures are likely to promote further immobilisation, cause increased muscle weakness 
and therefore exacerbate contractures. Thereby a vicious cycle is set up. Similarly, contractures 
enhance spindle stimulation and cause excessive responsiveness to stretch which in turn can 
potentiate spasticity.48,96-101 This excessive responsiveness to stretch may also impede voluntary 
motor neuron recruitment resulting in further loss of muscle strength and movements, and 
thus contractures.102 In summary, contractures are a complex issue involving multiple factors 
which may reciprocally potentiate and exacerbate each other.89 These perhaps are the reasons 
why contractures are difficult to treat. Solutions to contractures may require effective 
strategies to address not only soft tissue shortening but their contributors so that these chains 
of events can be interrupted. 
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Figure 3. A theoretical model of events contributing to the development of contractures after 
acquired brain injury. 
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2.5 Passive stretch as treatment for contractures 
 
2.5.1 Rationale for clinical use of passive stretch  
Passive stretch is the application of sustained tension to soft tissues in lengthened positions. 
Animal models indicate that sustained passive stretch increases sarcomere number,19,21-23,25,103-
105 induces muscle growth,106-109 retards immobilisation-induced atrophy,26 promotes synthesis 
of collagen and other extracellular components, orientates collagen to the lines of stress, 
increases tensile strength and water content within the periarticular tissues, and prevents 
accumulation of connective tissues.103,110,111 All these findings suggest that soft tissues undergo 
structural remodelling and elongate when stretched. This underpins the rationale for using 
passive stretch for contracture management. 
2.5.2 Clinical application of passive stretch 
Passive stretch has been the mainstream treatment for management of contractures after 
acquired brain injury. Muscles have an elastic property. The response of muscles to passive 
stretch can vary depending on how passive stretch is applied. Brief duration of passive stretch 
can lead to an immediate increase in joint mobility through viscoelastic deformation of 
muscles.112,113 However, the effect of such response is only transient and has limited clinical 
value. Sustained passive stretch, as observed in animal models,21,23,25,26,103,104 may induce 
structural remodelling of muscles. Hence, clinical stretch interventions typically subject muscles 
to prolonged controlled stretch, with an aim to achieve a lasting increase in muscle length and 
joint range of motion. 
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Commonly used stretch interventions include positioning, tilt table standing, splinting and serial 
casting (Figure 4).  Positioning of muscles in a lengthened position is a commonly used stretch 
method. Examples of this are positioning of shoulders in external rotation in lying and in 
forward flexion in sitting. Light weights are often applied over the limb to maintain the position. 
Tilt table standing makes use of an individual’s body weight to stretch the ankle plantarflexors. 
A wedge can be added under the feet to increase the amount of stretch on the ankle 
plantarflexors. Duration of positioning and tilt table standing is arbitrary and usually ranges 
from 30 minutes to 60 minutes within a session. Splints generally are used to apply low-load 
stretch for a number of hours a day. Duration of splinting is usually dictated by an individual’s 
tolerance and skin condition. They are often applied overnight so as not to interfere with 
therapy. Serial casting is a technique which involves application of successive casts to gradually 
stretch muscles. During the casting process, passive stretch is applied 24 hours a day over days 
or weeks. It is not uncommon for people with acquired brain injury to receive multiple stretch 
interventions to manage their contractures (Figure 4). 
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Figure. 4. Commonly used stretch interventions. 
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There are many challenges that confront clinicians in the administration of passive stretch for 
people with acquired brain injury. Firstly, the dosage of passive stretch is difficult to quantify as 
it is influenced by many variables including application methods, intensity of force, session 
duration, treatment frequency and length of intervention period. Secondly, there is a lack of 
guidance on the dose of passive stretch. While not proven, the dose is likely to vary depending 
on a number of factors including muscle type and size, age, diagnosis, amount of muscle 
weakness, loss of dexterity and spasticity, size and location of brain lesion, and severity and 
chronicity of contractures. At present, there is limited knowledge that guides clinical 
applications of passive stretch on people with acquired brain injury. There are suggestions that 
frequency and duration of passive stretch are more important than intensity,114 and prolonged 
low-load passive stretch is more effective than high-load brief passive stretch.115,116 However, 
this information is based on geriatric populations. A randomised controlled trial investigated 
the effect of different doses of passive stretch on people with traumatic brain injury. In the 
trial, 24 hours of passive stretch using serial casting was compared with an hour of stretching 
using positioning or splinting. It found a treatment effect of 22 degrees, (95% CI 13 to 31) in 
favour of serial casting, one day post-intervention. When the dose of passive stretch was 
reduced after 2 weeks, this effect dissipated. This finding suggests that higher dose is more 
effective than lower dose but this requires more investigation.117 In addition, the dosage of 
stretch that is required to achieve a lasting treatment effect remains undetermined. There is 
also uncertainty regarding stretch methods. Very few studies compared one stretch 
intervention with another. One trial compared 30 minutes of tilt table standing with night 
splinting, and found no convincing difference in their effectiveness in preventing ankle 
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contractures after stroke (1 degree, 95% CI -5 to 7).118 The authors concluded that both 
interventions were equally effective however without a control group it is not known whether 
either intervention was effective. 
The lack of clear evidence has led to many different methods and dosages of stretch being used 
in clinical practice. Therapists’ decisions are generally based on anecdotal evidence, clinical 
experience, personal preference, training, trends of practice or treatment endorsed by 
particular institutions. 
2.5.3 Effectiveness of stretch interventions 
A systematic review summarised the findings of 25 randomised controlled trials that 
investigated the effectiveness of clinical stretch interventions on neurological populations, 
namely acquired brain injury (stroke, traumatic brain injury), spinal cord injury, Duchenne 
muscular dystrophy, cerebral palsy and Charcot Marie-Tooth disease.119 The meta-analyses 
revealed an immediate treatment effect (defined as <24 hours) of 3 degrees (95% Cl 0 to 5); a 
short-term effect (defined as >24 hours and < 1 week) of 1 degree (95% CI 0 to 3); and a 
medium-term effect (defined as >1 week) of 0 degree (95% CI -2 to 2). This indicates that 
passive stretch interventions, as typically administered in clinical settings, do not produce 
clinically important effects in people with neurological conditions.  
The findings of the systematic review contradict the general belief that passive stretch is 
effective for the prevention and correction of contractures. However, the trials included in the 
review are of varying quality (PEDro scale120 ratings between 4/10 and 8/10) so perhaps were 
vulnerable to bias. The critical question remains: is passive stretch really ineffective?  One 
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possible reason for the findings of the systematic review is that the dosage of passive stretch 
used was insufficient. There were considerable variability amongst the clinical trials included in 
the systematic review in terms of stretch methods, session duration, treatment frequency and 
length of intervention period. Thus, the dosage of stretch used in these trials was difficult to 
quantify. The systematic review used total stretch time to quantify dose and reported that the 
median dose of passive stretch was 6.5 hours a day over 30 days. In addition, most of the 
included trials involved the application of stretch interventions for less than 3 months, and 
none exceeded 7 months.119 This dosage may be insufficient. The argument for large doses of 
passive stretch is supported by the two trials which investigated passive stretch administered 
for 24 hours a day using serial casting over 1 to 2 weeks.117,121 Both trials reported a better 
short-term effect than no stretch or an hour a day of stretch (15 degrees, 95% CI 6 to 23 
degrees; 22 degrees, 95% CI 13 to 31). These trials suggest that an intensive program of passive 
stretch can be effective. One of these trials117 was excluded from the systematic review 
because it compared one passive stretch program with another. While the systematic review 
shows that passive stretch at the doses typically applied in clinical settings is ineffective, no trial 
has investigated the effectiveness of high intensity passive stretch administered over extended 
periods of time.  
Another plausible explanation for the findings of the systematic review is that contractures are 
a complex problem involving multiple factors. Spasticity and muscle weakness are amongst the 
likely contributors. Passive stretch focuses predominantly on reversing soft tissue shortening 
but does not address the underlying causes. The continual presence of the contributors to 
contracture may be the reason why passive stretch alone cannot produce a large or sustained 
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treatment effect on joint range of motion. Hence, an approach combining passive stretch with 
treatments that address the contributors to contracture may be more effective than passive 
stretch alone. Evidence for this combined treatment strategy, however, is lacking and warrants 
investigation. Research is also required to identify treatments that can be used in combination 
with passive stretch. Electrical stimulation appears to be a suitable choice. 
 
2.6 Electrical stimulation as a treatment modality for contracture 
management 
 
2.6.1 Electrical stimulation and muscle strength  
Electrical stimulation may improve muscle strength of people with neurological disorders 
because it can elicit strong muscle contractions even when individuals have little or no ability to 
voluntarily activate muscles.122 A systematic review analysed the findings of 11 randomised 
controlled trials, and concluded that electrical stimulation might have a modest beneficial 
effect in improving muscle strength after stroke.123  A more recent randomised controlled trial, 
not included in the systematic review, also indicates electrical stimulation may improve muscle 
strength in patients with severe stroke although the lower end of the 95% CI suggests some 
uncertainty (0.5N, 95% CI 0.0 to 1.0).124 People with contractures often have limited ability to 
participate in active treatment including conventional strengthening exercises. Electrical 
stimulation is seemingly an appropriate adjunct modality to address muscle weakness, a 
plausible contributor to contractures.  
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2.6.2 Electrical stimulation and spasticity  
Electrical stimulation appears to reduce spasticity in people with stroke. Five randomised 
controlled trials assessed electrical stimulation applied 9 to 60 minutes a day over 3 to 12 
weeks. All reported small reductions in spasticity following electrical stimulation when 
compared to no electrical stimulation or placebo, as reflected by the Modified Ashworth Scale 
or composite spasticity scale scores.125-129 The quality of these trials is variable with the PEDro 
scale120 scores ranging between 4/10 and 8/10. Only one trial investigated the long-term effects 
of electrical stimulation on spasticity and reported that the effect dissipated within 3 months 
after cessation of treatment.129 Nevertheless, these studies all suggest that electrical 
stimulation can reduce spasticity at least over the short-term.  
2.6.3  Electrical stimulation and contracture management 
Electrical stimulation may be useful for contracture management. The first randomised 
controlled trial investigated the effects of 30 minutes, 5 days a week for 4 weeks, of electrical 
stimulation on adolescents with cerebral palsy and chronic knee contractures.130 The finding (4 
degrees, 95% CI 0 to 7) was small and inconclusive as indicated by the lower end of 95% 
confidence interval. The chronicity of contractures, however, may have an impact on outcome. 
The second randomised controlled trial investigated the effect of electrical stimulation on the 
passive ankle dorsiflexion range of motion after stroke. It reported a small treatment effect (5 
degrees, 95% CI 4 to 7).126 In this trial, 20 sessions of 9 minutes of supramaximal dose (that is, 
20% over that which was required to produce maximum muscle contraction) of electrical 
stimulation was applied. Supramaximal dose is rarely used clinically because it is 
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uncomfortable. It is unclear how the researchers overcame this problem. It would be of a 
clinical interest to determine if a longer but more readily tolerable dose of electrical stimulation 
is therapeutic. It would also be useful to determine the effect of combining electrical 
stimulation with passive stretch as no trial has investigated this. 
 
2.7 Impact of ankle contractures on gait 
 
Improving mobility is a common goal in rehabilitation. In this section, a specific focus is placed 
on the impact of ankle contractures on walking. Ankle contractures are chosen because they 
are common after acquired brain injury.47,50 Adequate ankle dorsiflexion motion is required to 
perform various daily mobility tasks efficiently. Kinematic data suggest that approximately 30 
degrees of ankle dorsiflexion is required to stand up from sitting,131 5 to 15 degrees to walk,132 
and 27 degrees to descend stairs in a normal fashion.133 Hence, ankle contractures can be a 
major source of disability after an acquired brain injury.134-136 Walking is a function that involves 
the interaction of multiple joints. A restriction in movement of one joint inevitably influences 
the position and movement of other joints leading to a change in the total gait pattern. 
Previous observational analyses have suggested that ankle contractures are a common cause of 
gait deviations following stroke.137-139 However, the impact of ankle contractures on the 
kinematics at other joints and its contribution to secondary gait deviations is not fully 
understood.  
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There is a general view that ankle contractures are closely related to knee hyperextension 
gait,140,141 a common gait disorder that is found in 40 to 60% of people with stroke.142 A study 
observed 13 patients with stroke and ankle contractures and found that they all walked with 
increased knee extension (or hyperextension) in stance phase.140 This observation supports a 
link between ankle contractures and knee hyperextension. However, the same is not observed 
in people with cerebral palsy and ankle contractures: while some of them walk with knee 
hyperextension, others walk with increased knee flexion.136,143-145 The limitation of these clinical 
observations is that people with neurological disorders almost always have other impairments, 
like motor weakness, reduced dexterity and spasticity, which also influence their gait. Thus it is 
difficult to isolate the effect of ankle contractures in clinical populations.  
There are non-clinical studies that have investigated the relationship between ankle 
contractures and knee biomechanics. Using a mathematical model, one study concluded that 
ankle contractures led to knee hyperextension.141 However, this finding was refuted by another 
study which simulated ankle contractures on 12 healthy people and found a significant increase 
of knee flexion in stance phase instead.146 Taping was used in this study to restrict ankle 
dorsiflexion. One drawback of taping is that it can cause discomfort or even pain as it pulls on 
the skin upon weight bearing. Therefore, participants might have inadvertently held their 
ankles in plantarflexion to lessen the discomfort. Thus the observed gait pattern might not be a 
result of ankle contractures only. At present, there is little and conflicting information regarding 
the relationship between ankle contracture and knee biomechanics. Further investigations are 
needed to help clarify the impact of ankle contractures on the knee joint. An ankle-foot-
orthosis is probably a better choice to simulate ankle contracture than taping because it does 
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not cause discomfort. An ankle-foot-orthosis also has the advantage that the degree of imposed 
ankle restriction can be quantified and systematically adjusted. A biomechanical analysis using 
an ankle-foot-orthosis to simulate ankle contractures will improve the understanding of the 
changes in knee biomechanics and spatiotemporal characteristics secondary to ankle 
contractures. It will also be interesting to investigate how the severity of ankle contractures 
influences the extent of changes in the knee biomechanics as this investigation has not been 
done previously. 
 
2.8  Summary 
 
This literature review provided an overview of the existing knowledge and research findings 
regarding contractures. The first part of this thesis focuses on physiotherapy management of 
contractures. Passive stretch has a sound physiologic rationale and has been the mainstream 
treatment for contracture management. However, a systematic review did not find passive 
stretch, as typically applied in the clinic, to be effective. To date, no studies have investigated 
the administration of high intensity passive stretch over an extended period of time. It is 
possible that the lack of effect is due to insufficient dosage. Further investigations on passive 
stretch of large dosages are warranted before a definitive conclusion can be drawn. Moreover, 
contractures are a complex problem involving multiple factors. Passive stretch focuses 
predominantly on reversing soft tissue shortening but does not address any of the underlying 
causes of contracture. This may be the reason why passive stretch alone fails to produce a large 
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or sustained effect. An approach that combines passive stretch with treatments that target the 
contributors to contracture development may be more effective than passive stretch alone. 
Electrical stimulation has potential therapeutic effects on strength and spasticity; the factors 
believed to contribute to contractures. It is seemingly an appropriate adjunct modality to 
consider. Investigations of the role of electrical stimulation as an adjunct treatment and the 
effectiveness of combining passive stretch with electrical stimulation on contracture 
management may be useful.  
The second part of the thesis focuses on the impact of contractures on walking. Ankle 
contractures are a common problem after acquired brain injury and yet their effect on knee 
biomechanics is unclear. Improving mobility is a common goal in rehabilitation. Investigation of 
how ankle contractures affect the kinematics and kinetics of the knee joint will improve the 
understanding of the mechanisms underlying some of the common gait deviations seen in 
clinical populations. 
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2.9 Aims of the thesis 
 
There are two parts of the thesis. The first part of the thesis focuses on identifying effective 
treatment strategies for contractures. The second part of the thesis aims to improve the 
understanding of the impact of ankle contractures on the knee joint during gait. The following is 
the outline of these studies. 
Chapter 3: A case report describes an adolescent who underwent an intensive treatment 
program for his severe chronic knee contractures. The aim of the case report is to illustrate the 
importance of using an adequate dose of passive stretch and concomitant treatment to address 
the contributors to contracture in the management of contractures.  
Chapter 4: A randomised controlled study aims to investigate the benefit of electrical 
stimulation as an adjunct treatment for wrist contractures. Electrical stimulation was used in 
addition to a program of splinting. This was compared with a program of splinting alone.  
Chapter 5: A randomised controlled study aims to determine the effectiveness of a combined 
program for ankle contracture management. The program consisted of electrical stimulation, 
splinting and tilt table standing. This was compared with tilt table standing alone. 
Chapters 6: A biomechanical study aims to evaluate the impact of ankle contractures on 
kinematics and kinetics of the knee joint in the sagittal plane during stance phase. Healthy 
subjects were recruited so that the effect of ankle contractures could be examined without 
confounding factors. An ankle-foot-orthosis was used to simulate and quantify ankle 
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contractures (of two severities). Comparisons were made between walking with and without 
restrictions of ankle dorsiflexion.  
The overall objective of this thesis is to improve the health outcome of people with acquired 
brain injury through a better understanding of contractures and their management. 
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Chapter 3 
An intensive program of passive stretch and motor training 
for the management of severe knee contractures after traumatic brain 
injury: a case report   
49 
 
 
 
 
 
 
 
 
Statement from co-authors confirming authorship contribution of the 
PhD candidate 
 
 
As co-authors of the paper “An intensive program of passive stretch and motor training 
  for the management of severe knee contractures after traumatic brain injury: a case report”,  
we confirm that Joan Leung has made contributions to the following: 
 
• Conception and design of the paper 
• Data collection 
• Writing of the manuscript and revisions of the content 
 
 
 
 
                
   Lisa Harvey  ___________________________ Date ______27/08/2014_______. 
 
 
 
   Anne Moseley ___________________________ Date _____27 Aug 2014________. Te 
 
  
 
50 
 
 
 
CASE STUDY 
 
An Intensive Programme of Passive Stretch and Motor 
Training to Manage Severe Knee Contractures after 
Traumatic Brain Injury: A Case Report 
Joan Leung, MAH, PhD (Candidate);
*†
 Lisa A. Harvey, PhD;
*‡
 Anne M. Moseley, PhD
†§
 
 
 
ABSTRACT 
Purpose: While contemporary management of contractures (a common secondary problem of acquired brain injury that can be difﬁcult to treat) includes 
passive stretch, recent evidence indicates that this intervention may not be effective. This may be because clinical trials have not provided a sufﬁcient dose 
or have not combined passive stretch with other treatments. The purpose of this case report is to describe a programme of intensive passive stretch com- 
bined with motor training administered over a 1.5-year period to treat severe knee contractures. Method: Five months after traumatic brain injury, an 
adolescent client with severe contractures in multiple joints underwent an intensive stretch programme for his knee contractures, including serial casting 
and splinting, which was administered for 10 months in conjunction with a motor training programme administered for 1.5 years. Results: The client 
regained full extension range in his knees and progressed from being totally dependent to walking short distances with assistance; these effects were 
maintained at follow-up 5.5 years after injury. Conclusion: The use of a high dose of passive stretch in conjunction with motor training may be an option 
to consider for correcting severe contractures following acquired brain injury. 
Key Words: brain injuries; contracture; exercise therapy; muscle stretching exercises. 
 
RE´SUME´ 
Objectif : Bien que le controˆle des contractures (un proble`me secondaire fre´quent propre aux le´sions ce´re´brales acquises et pouvant eˆtre difﬁcile a` traiter) 
comprenne des e´tirements passifs, des preuves re´centes indiquent que cette intervention pourrait eˆtre inefﬁcace. Cela pourrait s’expliquer par le fait que 
les essais cliniques n’ont pas utilise´  des dosages sufﬁsants ou qu’ils n’ont pas jumele´ les e´tirements passifs a` d’autres traitements. L’objectif de ce rapport 
de cas consiste a` de´crire un programme d’e´tirements passifs intensifs allie´  a` un entraıˆnement moteur administre´ durant une pe´riode d’un an et demi pour 
le traitement de contractures se´ve`res au genou. Me´thodologie : Cinq mois apre`s un traumatisme ce´re´bral, un client adolescent aux prises avec des con- 
tractures se´ve`res a` de multiples articulations a e´te´ soumis a` un programme intensif d’e´tirements pour ses contractures au genou, y compris l’application 
successive de plaˆtres et d’attelles. Le programme a e´te´ administre´ pendant 10 mois, en meˆme temps qu’un programme d’entraıˆnement moteur qui a dure´ 
un an et demi. Re s´ultats : Le client a retrouve´ la pleine extension de son genou et ses progre`s se sont e´tendus d’une de´pendance totale a` la capacite´ 
de marcher sur de courtes distances sans aide; ces effets se sont prolonge´s pendant un suivi de cinq ans et demi apre`s le traumatisme. Conclusion : 
L’utilisation des e´tirements passifs a` dosage e´leve´ en meˆme temps qu’un entraıˆnement moteur pourrait eˆtre une avenue a` conside´rer pour corriger les 
contractures se´ve`res re´sultant d’un traumatisme ce´re´bral. 
 
 
Contractures—a reduction in passive joint range due 
to shortening and stiffening of soft tissues spanning 
joints—are commonly observed after acquired brain 
injury (e.g., stroke, traumatic brain injury); incidence 
ranges from 23% to 85%.1,2 Contractures are a problem 
because they limit function, reduce mobility, and are 
linked to pain.1 Not surprisingly, contractures contribute 
to poor motor recovery, prolonged length of hospital 
stay, and poor rehabilitation outcomes.3,4 
Contractures develop in the early weeks after acquired 
brain injury,5–12 worsen over time,6,7,10–12 and can persist 
for protracted periods after brain injury,5,9 often despite 
interventions to treat and prevent them. To date, passive 
stretch and motor training have been the most widely 
used physical therapy interventions for this purpose. 
Several randomized controlled studies have reported 
that passive stretch alone does not produce clinically 
worthwhile or sustained effects in people with brain 
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which indicates the extremely severe nature of his injury. 
He did not receive rehabilitation and was discharged to 
a nursing home directly from the acute-care facility 3.5 
months after injury. At 5 months post injury, he was 
admitted to a brain-injury unit for a trial of rehabilitation 
and to review his nursing-home programme. 
On admission, the client was minimally responsive 
and unable to verbalize. He was conﬁned to a bed with 
his arms and legs fully ﬂexed and his lower body rotated 
to the left (see Figure 1). Physical examination revealed 
multiple contractures. Maximum passive knee extension 
was 50o  on the right and 45o  on the left, measured 
with a goniometer, a common and reliable method for 
measuring physiologic knee ROM (ICC 0.88).23 (All meas- 
urements were rounded to the nearest 5 .) He also had 
severe contractures in his hips, ankles, shoulders, elbows, 
Figure 1  Resting position in bed on ﬁrst admission (5 months post 
injury). 
 
injury.6,8,12–21 These ﬁndings were conﬁrmed by a recent 
Cochrane review that provided high-quality evidence that 
passive stretch produces negligible short-term (mean 
between-group difference 1 , 95% CI, 0–3) or long-term 
(mean between-group difference 0 , 95% CI, 2 to 2) 
changes in joint range of motion (ROM) when adminis- 
tered to people with a variety of neurological conditions. 
The typical dose of passive stretch applied in the reported 
trials was 30 minutes to 12 hours per day over 4–12 weeks 
(median duration 30 days);22 this dosage of passive stretch 
may be insufﬁcient. In addition, contracture is a complex 
problem; passive stretch focuses predominantly on re- 
versing soft-tissue shortening and does not address the 
underlying causes of contracture, such as poor motor 
control and spasticity.9 Combining passive stretch with 
interventions that address the contributors to contracture 
is likely to offer a better prospect to effectively manage 
contracture than passive stretch alone. Importantly, pas- 
sive stretch may need to continue until the underlying 
causes are addressed if treatment is to achieve a sus- 
tained effect. 
This report describes the case of an adolescent with 
severe traumatic brain injury (TBI) and severe contrac- 
tures. His knee contractures were managed with pro- 
grammes involving months of prolonged passive stretch, 
including serial casting and splinting, combined with 1.5 
years of motor training. Ethical approval was granted 
by the Human Research Ethics Committee of the Royal 
Rehabilitation Centre Sydney. 
METHODS 
Case description 
A 16-year-old boy was involved in a motorcycle acci- 
dent and sustained a TBI. His ﬁrst documented Glasgow 
Coma Scale score (2 weeks after the injury) was 5/15. He 
had post-traumatic amnesia for more than 6 months, 
wrists, ﬁngers, and trunk. He was able to follow verbal 
instructions to blink his eyes, open his mouth, turn his 
head, and, inconsistently, abduct his right shoulder to 
30 . Manual muscle testing showed no voluntary control 
or strength in his lower limbs.24 He had strong ﬂexor 
spasticity in all limbs (4/4 on the Modiﬁed Ashworth 
Scale).25 Functionally, he was fully dependent and re- 
quired a high level of care; he scored 18/126 on the 
Functional Independence Measure (FIM),26 the lowest 
possible score on this scale (see Table 1). 
Intervention 
This case report focuses on the management of the 
client’s knee contractures from admission to the brain- 
injury unit through to 5 years later. Initially, passive 
stretch was applied to his knees for approximately 12 
hours/day, using ready-made knee orthoses (see Figure 
2). Two months after his admission (7 months post- 
injury), the left knee showed a 10  improvement in exten- 
sion ROM, but the right knee showed a 5  deterioration 
(see Table 1). The slow progress and the deterioration in 
right-knee ROM in the ﬁrst 2 months after admission 
prompted the move to a more aggressive stretch pro- 
gramme. Serial casting27–30 for the right knee therefore 
began. A series of ﬁve casts was applied over 5 weeks. At 
the same time, the duration of splinting for the left knee 
was increased to 24 hours/day. The client gained nearly 
full passive extension in both knees after 5 weeks. Ad- 
justable custom-made knee orthoses were then applied 
to both knees 24 hours/day to maintain the gain in 
range. The orthoses were removed only for hygiene and 
therapy; the client’s skin condition was closely monitored. 
Motor training and lower-limb strength training were 
initiated following the correction of the client’s knee 
contractures. He attended the gymnasium for 1 hour/ 
day. Physical therapy followed the principles of motor 
relearning,31 with an emphasis on muscle strengthening 
in functional positions and repetitive training augmented 
with appropriate encouragement and feedback. Initial 
training involved exercises to elicit muscle activity and 
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Table 1  Timeline of Progress in Knee Extension Range of Motion, Knee Extensor Muscle Strength, Spasticity, and Dependence (FIM) 
Time since injury 
5 mo 12 mo 14 mo 25 mo 5.5 y 
Stage of rehabilitation 1st admission 1st discharge 2nd admission 2nd discharge Follow-up 
 
Stretch interventions Knee splinting 12 h/d Serial casting 
followed by 24 h/d 
knee splinting 
Gradual reduction of 
knee splinting time 
Cessation of knee splinting 
Knee extension ROM 
Right 50 o Full Full Full Full 
Left 45 o Full Full Full Full 
Knee extensor strength, /5 
Right 0 3 3 4 4 
Left 0 3 3 4 4 
MAS score, /4 4 2 2 1 1 
FIM score, /126 18 28 28 32 54 
 
ROM ¼ range of motion; MAS ¼ Modiﬁed Ashworth Scale; FIM ¼ Functional Independence Measure. 
 
this step was postponed because he was discharged 
prematurely to secure a nursing-home placement. One 
month after discharge (14 months post injury), he was 
readmitted to the brain-injury unit for further rehabilita- 
tion as planned. He participated in in-patient rehabilita- 
tion for another 11 months, during which he began gait 
training, ﬁrst with and later without the support of the 
knee orthoses. He stopped wearing the knee orthoses 2 
months into this second admission (16 months post in- 
jury). At the beginning of the gait training, a forearm 
support frame (Pacer Gait Trainer, Wonderland Rehab 
& Child Care, Lidcombe, NSW) was used for walking, 
which provided support to the client’s pelvis and had 
straps to stop his left leg from crossing the midline (see 
Figure 3). He subsequently progressed to walking with 
an ordinary forearm support frame. He never developed 
Figure 2  Knee orthosis used to apply 12 hours of passive stretch per 
day at the beginning of the client’s ﬁrst admission (5 months post injury). 
 
strengthen the leg muscles, ﬁrst with the orthoses ap- 
plied and then without. Over time, the client progressed 
to assisted cycling, concentric and eccentric exercises, 
and repetitive sit-to-stand practice. The duration of prac- 
tice and complexity of tasks were increased gradually; 
treatment targets were set and progressed as he im- 
proved. Progress was slow, as the client exhibited behav- 
ioural problems that affected his ability to participate in 
training. A reward system designed by the team psychol- 
ogist was used to increase adherence to therapy. 
Eight months after admission (13 months post injury), 
the client had full passive bilateral knee extension and 
showed improved strength in both lower limbs. The hip 
ﬂexion contractures also resolved as knee ROM improved. 
He was able to stand with moderate support from two 
assistants and bilateral knee orthoses. Although it seemed 
an appropriate time to start weaning him off the orthoses, 
skin or other problems from the orthoses, and the orthoses 
had to be modiﬁed only once to accommodate changes 
in weight and muscle bulk. Anti-spasticity medication 
(dantrolene) was used throughout his in-patient rehabil- 
itation. He also received botulinum toxin injections for 
his wrists, ﬁngers, elbows, and ankles, but not for his 
knees. The effect of the injections was mixed: while both 
elbows and the right wrist and ﬁngers responded well to 
the injections, the ankles, left wrist, and left ﬁngers did 
not. The ankle contractures were subsequently corrected 
with serial casting, and ROM was maintained using cus- 
tomized ankle–foot orthoses (the same approach used 
for his knees). 
RESULTS 
The client was discharged back to a nursing home at 
25 months post injury, with a plan for him to eventually 
move to a group home designed to reintegrate young peo- 
ple with disabilities into the community. At this time, he 
had anti-gravity strength (grade 3/5) in the knee extensor 
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Figure 3  Walking with a walking frame (Pacer Gait Trainer) and the 
assistance of one person (22 months post injury). Note: At the time 
this photo was taken, the client was wearing an ankle–foot orthosis for 
his right ankle and receiving serial casting for his left ankle. He later 
progressed to using an ordinary forearm support frame. 
 
muscles and full passive extension in the knees. He was 
able to stand with supervision and the support of a rail 
(see Figure 4) and could walk 140 m with one assistant 
and a forearm support frame. His FIM score was 32/126 
(see Table 1). 
The client was reviewed 5.5 years post injury. He was 
still living in a nursing home and receiving a maintenance 
programme prescribed by the nursing-home physiothera- 
pist. He maintained full passive knee extension bilaterally 
and had grade 4/5 strength in the knee extensor muscles 
(see Table 1). He could perform standing transfers with 
one person. He used an electrical wheelchair as his pri- 
mary form of mobility but was learning to walk using a 
wall-mounted handrail with assistance of one person. 
His FIM score was 54/126 (see Table 1). He received sur- 
gical interventions to correct the deformities of his left 
wrist and ﬁngers, and was subsequently transferred to a 
community group home. 
DISCUSSION 
Contractures are a common problem after acquired 
brain injury and can be difﬁcult to manage. High-quality 
evidence indicates that passive stretch, as typically ad- 
ministered by physical therapists to people with neu- 
Figure 4  Standing without knee orthoses but with bilateral ankle–foot 
orthoses, the support of parallel bars, and supervision from one person 
(24 months post injury). Note: a ball was used to keep the feet separated 
and he was wearing customized ankle–foot orthoses. 
 
rological conditions, is ineffective.22 This case report 
describes an adolescent with TBI whose severe knee 
contractures did not respond to usual care but resolved 
following a high dose of passive stretch combined with 
intensive motor training and anti-spasticity medication. 
Long-term follow-up indicated that these effects were 
sustained. 
Severe contractures have signiﬁcant deleterious effects 
on mobility and function. Poor mobility and function may 
also precipitate contracture, thereby setting up a vicious 
cycle. The client presented in this case report had an 
extremely severe TBI, multiple joint contractures, severe 
and generalized spasticity, and very poor motor control. 
These severe impairments, together with protracted post- 
traumatic amnesia, suggested a poor prognosis. Yet by the 
time he was discharged 25 months post injury, the knee 
contractures had resolved and he could perform standing 
transfers and walk short distances with assistance. This 
outcome was better than anticipated. 
While it is impossible to rule out the possibility that 
the observed improvements were due to spontaneous 
recovery, bias, or other factors, we propose that the 
resolution of knee contractures enabled the client to par- 
ticipate in motor training and that this, in turn, led to 
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improvements in strength and control that helped main- 
tain knee ROM. The lack of progress in the ﬁrst 7 months 
before the interventions began lends support to our 
argument. 
The approach described here has three strong fea- 
tures. First, a high dose of passive stretch was used. The 
knee contractures resolved only after an increase in the 
dose of passive stretch (from 12 to 24 hours/day); this 
highlights the importance of applying an adequate dose 
of passive stretch to achieve a therapeutic effect. Second, 
concomitant intervention (in this case, the individualized 
motor training programme) was implemented to treat 
the underlying contributors to contracture; the motor 
training, a key component of the programme, could not 
begin until after the correction of the knee contractures. 
Third, passive stretch was continued until the client had 
gained adequate strength to maintain the knee ROM. 
Perhaps these are the keys to successful management of 
contractures. The use of anti-spasticity medication may 
also have contributed to the successful outcome. 
There is currently controversy about the effectiveness 
of passive stretch.22 However, no trial has examined the 
use of intensive passive stretch administered over ex- 
tended periods (e.g., 24 hours/day over a few months) 
and in conjunction with other interventions (in this 
case, motor training). This could well be the key to 
successful contracture management and an option to 
consider for correcting contractures following acquired 
brain injury. It may be premature to abandon stretch 
altogether on the basis of the recent Cochrane review.22 
This case study suggests the need for further research. It 
may be appropriate to consider a clinical trial, but con- 
ducting a study involving an intensive programme such 
as the one reported here will pose challenges for future 
researchers. 
CONCLUSION 
This case study illustrates the resolution of severe and 
chronic contractures following an intensive programme 
of passive stretch provided in conjunction with a motor 
training programme. This approach may provide the 
answer to contracture management, but it requires fur- 
ther scrutiny within a clinical trial. Until such trials have 
been conducted, however, this approach may be an op- 
tion to consider for the correction of severe contractures 
following acquired brain injury. 
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Chapter 4 
Electrical stimulation and splinting were not clearly more effective than 
splinting alone for contracture management after acquired brain injury: a 
randomised trial 
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Question: Is electrical stimulation and splinting more effective than splinting alone for the management of wrist 
contracture following acquired brain injury? Design:  A multi-centre randomised trial with concealed allocation, assessor 
blinding, and intention-to-treat analysis. Participants: Thirty-six adults with first stroke or traumatic brain injury and mild 
to moderate wrist flexion contractures. Intervention: The experimental group received electrical stimulation to the wrist 
and finger extensor muscles for 1 hour a day over 4 weeks while the control group did not. Both groups wore a splint for 12 
hours a day during this 4-week period. Outcome measures: The primary outcome was passive wrist extension measured 
with a 3 Nm torque and with the fingers in extension. Secondary outcomes included passive wrist extension, wrist and 
finger extensor strength, wrist flexor spasticity, motor control of the hand, and Global Perceived Effect of Treatment, and 
perception of treatment credibility. Outcome measures were taken at baseline, at the end of the intervention period (4 
weeks), and after a 2-week follow-up period (6 weeks). Results: At 4 and 6 weeks, the mean between-group difference 
(95% CI) for passive wrist extension was 7 degrees (–2 to 15) and –3 degrees (–13 to 7), respectively. Secondary outcomes 
were statistically non-significant or were of borderline statistical significance. Conclusion: It is not clear whether electrical 
stimulation and splinting is more effective than splinting alone for the management of wrist contracture after acquired 
brain injury. Therapists’ confidence in the efficacy of electrical stimulation for contracture management is not yet justified. 
Trial registration: ACTRN12609000495224. [Leung J, Harvey LA, Moseley AM, Tse C, Bryant J, Wyndham S, Barry 
S (2012) Electrical stimulation and splinting were not clearly more effective than splinting alone for contracture 
management after acquired brain injury: a randomised trial. Journal of Physiotherapy 58: 231–240] 
Key words:  Randomised controlled trial, Acquired brain injury, Contracture, Splinting, Electrical stimulation 
 
 
 
Introduction 
Contracture is characterised by a loss of range of motion 
secondary to adaptive shortening of soft tissues spanning 
joints (Botte et al 1988, Harburn and Potter 1993). It is a 
common problem for people with acquired brain injury 
(Fergusson et al 2007, Kwah et al 2012). Contracture is 
undesirable because of its potentially serious implications 
for motor recovery, function, care, hygiene, and posture 
(Fergusson et al 2007). Thus treating and preventing 
contracture are often important aspects of rehabilitation. 
While passive stretch has been the mainstay of physiotherapy 
management for contracture, a recent Cochrane systematic 
review of passive stretch concluded that regular stretch 
provided for less than 6 months is not effective in people with 
neurological conditions (Katalinic et al 2010). In the studies 
included in that review, the stretch was administered in 
different ways including splints (Harvey et al 2006, Lannin 
et al 2007), sustained passive stretch and positioning (Ada 
et al 2005, de Jong et al 2006, Dean et al 2000, Gustafsson 
and McKenna 2006, Harvey et al 2003, Horsley et al 2007), 
standing on a tilt table (Ben et al 2005, Harvey et al 2000), 
and serial casting (Moseley et al 1997). Stretch alone may be 
ineffective for the treatment and prevention of contracture 
because it does not address possible underlying causes of 
contracture, namely muscle weakness and spasticity (Ada et 
al 2006). Weakness and spasticity are common impairments 
after acquired brain injury. They immobilise joints in 
stereotypical postures predisposing them to contracture 
(Ada et al 2006, Fergusson et al 2007). Stretch provided 
in conjunction with interventions addressing weakness and 
spasticity may be more effective than stretch alone. 
Electrical stimulation is increasingly used to increase 
strength and reduce spasticity in people with acquired 
brain injury. A systematic review concluded that electrical 
stimulation has a modest beneficial effect on muscle 
strength after stroke (Glinsky et al 2007). Two of the 
 
What is already known on this topic: Stretch alone 
may not affect contracture, perhaps because it 
does not address underlying muscle weakness and 
spasticity. Electrical stimulation can increase strength 
and reduce spasticity in some patients at risk of 
contracture. 
What this study adds: The effect of electrical 
stimulation for contracture management was not 
clear. While further research is needed to clarify 
the effectiveness of electrical stimulation, it may 
be reasonable to use electrical stimulation in 
conjunction with splinting because it is inexpensive 
and not associated with discomfort or pain. It may 
be appropriate to use stronger doses of electrical 
stimulation than that used in the study. 
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studies included in that review specifically investigated 
the effect of electrical stimulation on the strength of wrist 
and finger extensor muscles after stroke and both reported 
large effect sizes (Bowman et al 1979, Powell et al 1999). 
There is also initial evidence that electrical stimulation may 
reduce spasticity. Three randomised trials in people with 
stroke (Bakhtiary and Fatemy 2008, Cheng et al 2010, Yan 
et al 2005) showed a reduction of ankle spasticity following 
electrical stimulation. While these studies were performed 
in the lower limbs, there is no reason to believe that the 
response of upper limb muscles to electrical stimulation 
differs from the response of lower limb muscles. Weakness 
and spasticity are the two known contributors to contracture. 
Electrical stimulation, when provided in conjunction with 
stretch, may help reduce contracture by increasing strength 
and reducing spasticity. 
The possible therapeutic effect of electrical stimulation for 
contracture management is supported by a trial in people 
with stroke (Bakhtiary and Fatemy 2008), which reported 
a small treatment effect of electrical stimulation on passive 
ankle dorsiflexion range of motion (mean between-group 
difference 5 degrees, 95% CI 2 to 7). While this trial suggests 
that electrical stimulation is therapeutic, supramaximal 
levels of electrical stimulation for 9 minutes a day were 
applied (ie, the intensity was set at 25% over the intensity 
needed to produce a maximum contraction). Supramaximal 
doses are not commonly used clinically because of the 
associated discomfort. It is not clear how Bakhtiary and 
Fatemy overcame this problem. We were interested in 
whether we could replicate these results using a similar 
protocol of electrical stimulation but with a lower and more 
readily tolerated intensity of electrical stimulation applied 
for 1 hour a day rather than 9 minutes a day. We were also 
interested in combining electrical stimulation with stretch 
as this has not been investigated previously. Splinting was 
selected as a way of readily providing sustained stretch. The 
research question therefore was: 
Is a program of electrical stimulation and splinting 
more effective than splinting alone for the treatment 
and prevention of wrist contracture following acquired 
brain injury? 
Method 
Design 
An assessor-blinded, randomised controlled trial was 
undertaken. All participants were randomly allocated to one 
of two groups: experimental group (electrical stimulation 
and hand splinting) or control group (hand splinting only). 
The allocation sequence was computer-generated by a 
person not involved in participant recruitment. Group 
allocation was concealed using consecutively numbered, 
sealed, opaque envelopes which were kept off-site. The 
envelopes were opened after the baseline assessment, at 
which time participants were considered to have entered 
the trial. Follow-up assessments were conducted at the end 
of the 4-week program (post-intervention) and 2 weeks 
after that (follow-up). All assessors were blinded to group 
allocation. The success of blinding was monitored. 
Participants 
Patients admitted with a stroke or traumatic brain injury to 
one of five rehabilitation units in Sydney, Australia, were 
screened for inclusion between June 2008 and November 
 
 
 
2011. The eligibility criteria were: first documented stroke 
or traumatic brain injury; weakness of wrist and finger 
extensor muscles (inability to extend wrist and fingers 
fully in a gravity-eliminated position); and dystonia/ 
flexor spasticity in the wrist and fingers equating to a 
Tardieu scale score ε 1 (Tardieu et al 1954), or any loss of 
extensibility in the extrinsic wrist and finger flexor muscles 
compared to the unaffected side. People were excluded if 
they were unable to tolerate the experimental interventions, 
unlikely to stay in the hospital for four weeks, had severe 
contracture preventing measurement with our device (ie, 
inability to passively extend the fingers with the wrist in a 
neutral position), and had recent wrist or finger fractures, 
fixed flexion deformities in the individual finger joints, or 
previous wrist problems limiting range of motion. People 
with cognitive impairments were not excluded. 
Interventions 
Participants in both groups received a 4-week program. 
The experimental group received 1 hour of daily electrical 
stimulation, 5 days per week, administered via a digital 
muscular stimulation unita. Electrical stimulation was 
applied to the wrist and finger extensor muscles while 
wearing a hand splint that kept the wrist and fingers in full 
extension (as tolerated). After the hand splint was applied 
with the arm supported on a surface, the distal straps 
were loosened to allow room for the fingers and wrist to 
extend beyond the splint during stimulation. This was done 
to optimise the stretch and to strengthen muscles at their 
shortest length where they are often weakest after stroke 
(Ada et al 2003). The electrical stimulation was applied 
through a pair of square electrodes (5 cm × 5 cm). The 
following parameters were used: pulse width of 300 µs, 
frequency of 50 Hz, on time of 15 s, off time of 15 s, and a 
ramping-up period of 1.5 s. The pulse width and frequency 
of stimulation were selected to optimise the strengthening 
benefits of the electrical stimulation (Bowman and Baker 
1985). The amplitude of electrical stimulation was set at a 
level to produce maximum tolerable muscle contractions. 
If participants were unable to indicate tolerable levels 
of stimulation, the minimum amplitude of stimulation 
required to generate a palpable muscle contraction was 
used. At the beginning of each session, participants were 
instructed to contract the wrist and finger extensor muscles 
in time with the electrical stimulation. Participants were 
reminded regularly during each training session but not 
verbally encouraged with each contraction. 
Both the experimental and control groups wore hand splints 
for 12 hours a day, 5–7 days per week. Custom-made hand 
splints were used to maintain the maximum tolerated wrist 
and finger extension. The splints were checked each time 
they were applied and modified as required to maintain 
comfort, fit, and stretch. During the 2-week follow-up 
period, participants in both groups continued to wear the 
hand splint for 12 hours a day, 5–7 days per week. Electrical 
stimulation was not applied to the wrists of participants in 
either group during these 2 weeks. A diary was used to 
record the duration and frequency of electrical stimulation 
and splinting. 
The electrical stimulation and usual care were administered 
by physiotherapists working in the participating units over 
the course of the trial. These physiotherapists were not 
randomised to participants and consequently they managed 
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an arbitrary mix of control and experimental participants. 
The splints were applied by physiotherapists, nursing staff, 
or physiotherapy assistants (under the supervision of the 
treating physiotherapists). 
Throughout the study, no other stretch-based interventions 
were administered to the wrist. All participants received 
usual multidisciplinary rehabilitation provided by the 
participating units, which included training of hand function 
as appropriate. No botulinum toxin was administered to 
the wrist prior to or during the study period. Use of other 
anti-spasticity medication was not mandated by the trial 
protocol and was recorded. 
Outcome measures 
There were one primary and six secondary outcomes. The 
primary outcome was passive wrist extension measured 
with a torque of 3 Nm and with fingers in extension. This 
was used to reflect the extensibility of the extrinsic wrist 
and finger flexor muscles. The secondary outcomes were: 
passive wrist extension with a torque of 2 Nm, strength of 
the wrist and finger extensor muscles, spasticity of the wrist 
flexor muscles, motor control of the hand, physiotherapists’ 
and participants’ Global Perceived Effect of Treatment, 
and perception of treatment credibility. Outcome measures 
were taken at the beginning of the trial (Week 0), after the 
intervention period (Week 4), and after 2 weeks of follow- 
up (Week 6) (Figure 2). The outcome measures were taken 
by one of four blinded and trained assessors who assessed 
participants of both groups. The post-intervention and 
follow-up assessments were done more than 24 hours but 
within 3 days after the splint (and electrical stimulator) had 
been removed. 
Passive wrist extension was measured with the application 
of two stretch torques (2 and 3 Nm) using a standardised 
procedure (Harvey et al 1994). Measurements with a torque 
of 1 Nm were considered initially but abandonded because 
of problems attaining meaningful results. This procedure 
has high test-retest reliability (Intra Class Correlation 0.85). 
The arm and hand were positioned on the measuring device 
with the participant lying in supine and the shoulder in 30– 
45 degrees of abduction and the elbow fully extended (see 
Figure 1). Two participants had the measurements taken in 
supine with the elbows slightly flexed and three participants 
were tested in sitting with elbow in 90 degrees flexion 
because of shoulder or elbow pain. Once the position was 
determined at the baseline assessment, the same position 
was used for all subsequent assessments for each participant 
(post-intervention and follow-up). A pre-stretch was applied 
to the wrist and finger flexor muscles for 30 seconds. Stretch 
torques of 1 Nm, 2 Nm, and then 3 Nm were then applied 
using a spring balance which was kept perpendicular to 
the hand. Wrist extension (in degrees) at torques of 2 Nm 
and 3 Nm was measured using a protractor attached to the 
measuring device. 
Strength of the wrist and finger extensor muscles was 
determined with a dynamometer. This method has a 
high inter-rater reliability with an Intra Class Correlation 
Coefficient range of 0.84 to 0.94 (Bohannon 1987). The 
dynamometer was secured on a purpose-built platform. 
Participants sat with the arm secured on the platform 
and were instructed to push their hands against the 
dynamometer as hard as possible for 3 seconds. They were 
given 5 attempts with at least 10 seconds rest between each 
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attempt. The best of 5 measurements was used for analysis. 
The readings of the dynamometer (in kg) were converted to 
Newtons and then to torque values (in Nm) by multiplying 
the reading in Newtons by the distance between the wrist 
and the point of application of the dynamometer (ie, distal 
end of the second metacarpal). 
Spasticity of wrist flexor muscles was assessed using the 
Tardieu Scale (Tardieu et al 1954). The Tardieu Scale has a 
high percentage close agreement with laboratory measures 
of spasticity (Patrick and Ada 2006). Participants were 
instructed to relax during the test. The assessor moved the 
participant’s wrist as fast as possible. Reaction to passive 
stretch was rated on a 5-point scale. 
Motor control of the hand was assessed using the hand 
movement item of the Motor Assessment Scale (Carr et al 
1985). The Motor Assessment Scale has a high test-retest 
reliability with a mean Intra Class Correlation Coefficient 
of 0.95 (Carr et al 1985). All items were performed without 
assistance. Participants were scored on the best of three 
performances. 
The Global Perceived Effect of Treatment was rated 
separately through questionnaires at Week 4 and Week 6 
by the treating physiotherapists and participants (or their 
carers if the participants did not have the capacity to answer 
the questions). Assistance was provided to participants (or 
their carers) as needed by staff not otherwise involved in 
the study. The treating physiotherapists and participants 
(or their carers) were initially asked if they thought their 
wrists were better, the same or worse. Those who stated that 
their wrists were better were asked to rate the improvement 
between 1 (a little better) and 6 (a very great deal better). 
Those who stated that their wrists were worse were asked to 
rate the deterioration between 1 (a little worse) and 6 (a very 
great deal worse). These data were analysed by combining 
responses into a single 13-point scale with –6 reflecting 
a very great deal worse, 0 reflecting no change and +6 
reflecting a very great deal better. The minimally important 
difference was set at 1 point (Schneider and Olin 1996). 
Perception of treatment credibility was evaluated by the 
treating physiotherapists and participants (or their carers) at 
Week 4 using questionnaires which captured their tolerance 
to the treatment (scored on a 5-point scale), their perceptions 
of the worth of the treatment (scored on a 5-point scale), their 
perceptions of the effectiveness of the treatment (scored on 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The device to measure passive wrist extension. 
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a 5-point scale), and their willingness to continue with the 
same treatment if it were to be provided (scored yes or no). 
Assistance was provided to participants (or their carers) 
as needed by staff not otherwise involved in the study. 
Treating physiotherapists were also asked to indicate if they 
would administer the treatment to the participants if further 
management for wrist contracture was needed (scored yes 
or no). In addition, participants and physiotherapists were 
asked open-ended questions directed at identifying any 
issues or concerns about the intervention(s). 
Data analysis 
The sample size was calculated a priori. Best estimates 
indicated that a sample size of 36 participants was required 
to provide an 80% probability of detecting a between-group 
difference of 5 degrees for the primary outcome, assuming 
a standard deviation of 5 degrees (Bakhtiary and Fatemy 
2008) and a 10% drop-out rate. The minimally important 
difference for the primary outcome was set at 5 degrees in 
line with a number of previous studies on joint contracture 
(Harvey et al 2000, Harvey et al 2003, Horsley et al 2007, 
Lannin et al 2007, Lannin et al 2003). 
Linear regression analyses were performed to assess the 
effect of the intervention on passive wrist extension and 
 
 
 
strength. The centile routine of Statab was used to derive 
the median between-group differences and the 95% CIs 
for the ordinal measures (motor control of hand, spasticity, 
and Global Perceived Effect of Treatment). The responses 
from the questionnaires were analysed using chi squared 
tests. The ratings for treatment effectiveness, treatment 
worth, and tolerance were dichotomised into < 3 and ε 3 
for between-group comparisons. The significance level was 
set at < 0.05. Analyses were conducted separately for the 
post-intervention and follow-up assessments. Missing data 
were not imputed. All analyses were performed according 
to ‘intention-to-treat’. 
Results 
Flow of participants and therapists through the trial 
A total of 356 patients were screened; 39 met the eligibility 
criteria but three declined to participate. Hence 36 were 
recruited and randomised: 31 (86%) had a stroke and 5 
(14%) had a traumatic brain injury. Table 1 outlines the 
demographic and neurological characteristics of the two 
groups. The flow of the participants through the trial is 
illustrated in Figure 2. Approximately 15 physiotherapists 
working in the participating units administered the electrical 
stimulation and usual care over the course of the trial. 
 
 
 
 
 
 
 
 
 
 
Week 0 
Assessed for eligibility (n =  356) 
 
 
Excluded (n =  320) 
• Not meeting inclusion criteria (n =  317) 
• Declined to participate (n =  3) 
 
 
Measured passive wrist extension, strength, spasticity, hand control Randomised (n =  36) 
(n =  18) (n =  18) 
 
 
Lost to Week 4 
follow-up (n =  1) 
• wrist fracture 
Experimental Group 
• electrical stimulation 1 hour 
a day and splinting 12 hours 
a day, 5 days per week 
Control Group 
• splinting 12 hours a 
day, 5 days per week 
Lost to Week 4 
follow-up (n =  1) 
• deceased 
 
 
Week 4 
Measured passive wrist extension, strength, spasticity, hand control, 
Global Perceived Effect of Treatment, perception of treatment credibility 
(n =  17) (n =  17) 
 
Lost to Week 6 
follow-up (n =  2) 
• could not be 
contacted (n =  1) 
Experimental Group 
• splinting 12 hours a day, 
5 days per week 
Control Group 
• splinting 12 hours a 
day, 5 days per week 
Lost to Week 6 
follow-up (n =  0) 
• moved overseas 
(n =  1) 
 
 
Week 6 
 
 
 
 
Measured passive wrist extension, strength, spasticity, hand control, 
Global Perceived Effect of Treatment 
(n =  15) (n =  17) 
 
Figure 2. Recruitment and flow of participants through the trial. 
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Adherence to the trial protocol 
Adherence to the electrical stimulation was excellent and 
adherence to splinting was fair (Table 2). One participant in 
the experimental group participated in the program for only 
two days and then declined further electrical stimulation 
and splinting. He completed all the assessments. Five other 
participants (two in the experimental group and three 
in the control group) had poor adherence to the splinting 
regimen (< 50% adherence). Twelve (33%) participants were 
unexpectedly discharged home before completion of the 
program, with seven before the post-intervention assessment 
and another five after the post-intervention assessment but 
before the follow-up assessment (six in the experimental 
group and six in the control group). In all but three cases, 
their families and carers were relied upon to continue the 
interventions. In the three cases that this was not possible, 
an experienced and trained research assistant visited the 
participants and provided the interventions according to the 
study protocol. 
Effect of electrical stimulation 
All primary and secondary outcome measures are shown 
in Tables 3 and 4 (individual participant data are presented 
in Table 5 on the eAddenda). Both groups showed a mean 
loss in passive wrist extension over the 4-week intervention 
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period (2 degrees in the experimental group and 9 degrees 
in the control group). The mean between-group difference 
at 4 weeks was 7 degrees (95% CI –2 to 15) in favour of 
the experimental group, which exceeded the pre-determined 
minimally important level of 5 degrees. However, the 95% 
CI reflected imprecision around this estimate. At follow-up 
2 weeks later, the mean between-group difference was 3 
degrees (95% CI –7 to 13) in favour of the control group. 
There were no convincing treatment effects at 4 or 6 weeks 
for any of the secondary outcomes although the mean (95% 
CI) between-group differences of the Global Perceived 
Effect of Treatment rated by the treating physiotherapists 
were 1 point (0 to 2) at Week 4 and 3 points (0 to 5) at Week 
6. 
Tables 6 and 7 show participants’ and physiotherapists’ 
perceptions of treatment credibility, respectively. Five 
participants (3 in the control group and 2 in the experimental 
group) experienced some discomfort from the hand splints. 
There were no reports of any adverse events. Overall, the 
participants of both groups demonstrated no significant 
between-group differences in their ratings for treatment 
benefit, worth of treatment, tolerance to treatment, or 
willingness to continue with treatment. In contrast, the 
physiotherapists administering the electrical stimulation 
and splinting protocol reported significantly higher levels 
 
 
Table 1. Baseline characteristics of participants. 
Participant characteristics Randomised 
(n =  36) 
Exp 
(n =  18) 
Age at injury (yr), median (IQR) 66 (57 to 75) 48 (34 to 62) 
Gender, n male (%) 14 (78) 11 (61) 
Cause of injury, n 
Stroke (haemorrhage: infarct: aneurysm) 5: 12: 0 5: 7: 2 
TBI (motor vehicle accident: fall: firearm) 1: 0: 0 2: 1: 1 
Days from injury to baseline assessment, median (IQR) 42 (32 to 52) 69 (44 to 94) 
a 
(n =  4) 
Anti-spasticity medication, n (%) 2 (11) 4 (22) 
Exp =  experimental group, Con =  control group, GCS  =  Glasgow Coma Scale score, TBI =  traumatic brain injury, aTBI participants only 
 
 
Table 2. Adherence to the trial protocol. 
Exp 
(n =  18) 
 
Expected Actual Actual 
median (IQR) 
 
Intervention period 
electrical stimulation (hr) 20 22 (20 to 24) n/a n/a 
splinting (hr) ε 240 271 (218 to 324) ε 240 289 (236 to 342) 
Follow-up period 
splinting (hr) ε 120 142 (95 to 189) ε 120 120 (92 to 148) 
Exp =  experimental group, Con =  control group, n/a =  not applicable 
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Table3.Mean(SD)ofgroups,mean(SD)differencewithingroups,andmean(95%CI)differencebetweengroupsforpassivewristextensionandstrengthatWeeks4and6. 
Groups 
Week4 Week6 Week4minusWeek0 Week6minusWeek0 Week4minus 
Week0 
Expminus 
Con 
 
7 
(–2to15) 
 
2 
(–10to13) 
0.8 
(–0.3to1.9) 
Week6 
minusWeek 
 
0 
Expminus 
Con 
–3 
(–13to7) 
–2 
(–14to10) 
1.0 
(–0.4to2.4) 
Differencewithingroups Differencebetweengroups 
Exp Con 
(n=17)(n=17) 
54 
(11) 
–2 
(8) 
–2 
(10) 
1.2 
(1.9) 
0.4 
(1.2) 
1.6 
(2.2) 
0.6 
(1.6) 
–3 
(20) 
–4 
(11) 
–2 
(20) 
–9 
(15) 
–9 
(12) 
–6 
(15) 
37 
(13) 
2.0 
(2.1) 
0.6 
(1.4) 
2.4 
(2.7) 
0.8 
(1.7) 
35 
(14) 
34 
(11) 
35 
(16) 
49 
(12) 
47 
(13) 
52 
(15) 
(n=16) 
Exp Con 
(n=15)(n=17) 
Exp Con Exp Con 
Groups 
Week0 
Exp 
(n=18) 
 
2 
(1to2) 
 
0 
(0to1) 
n/a n/a 
 
0 
(0to0) 
 
2 
(1to2) 
 
2 
(1to2) 
 
0 
(0to3) 
 
1 
(0to3) 
n/a  
0 
(0to2) 
(n=15) 
Con 
(n=18) 
Exp 
(n=17) 
Week4 
Con 
(n=17) 
 
2 
(1to3) 
 
0 
(0to0) 
 
0 
(0to3) 
 
0 
(–1to0) 
(n=14) 
Week6 
Exp 
(n=15) 
 
2 
(1to2) 
 
0 
(0to5) 
 
2 
(0to4) 
(n=14) 
 
1 
(0to4) 
(n=10) 
Con 
(n=17) 
 
2 
(1to2) 
 
0 
(0to0) 
 
0 
(0to2) 
(n=15) 
–1 
(–2to0) 
(n=10) 
Differencebetweengroups 
Week4minus 
Week0 
ExpminusCon 
 
0 
(–1to1) 
 
0 
(0to0) 
 
1 
(0to3) 
 
1 
(0to2) 
Week6minus 
Week0 
ExpminusCon 
 
0 
(0to1) 
 
0 
(0to1) 
 
1 
(0to3) 
 
3 
(0to5) 
n/a 
Outcome 
Week0 
Exp Con 
(n=18)(n=18) 
Passivewristextension 
at3Nm(deg) 
56 
(11) 
58 
(10) 
Passivewristextension 
at2Nm(deg) 
39 
(14) 
38 
(12) 
Wristandfinger 
extensormuscle 
strength(Nm) 
0.7 
(1.0) 
0.3 
(0.6) 
Exp=experimentalgroup,Con=controlgroup,Shadedrow=primaryoutcome. 
Table4.Median(IQR)ofgroupsandmedian(95%CI)between-groupdifferenceinchangeforspasticity,handcontrolandGlobalPerceivedEffectofTreatmentatWeeks4and 
6. 
Outcome 
TardieuScale(0to5) 
MotorAssessmentScalescoreforhanditem(0to6) 
Participants’GlobalPerceivedEffectofTreatmenta(–6to6) 
Physiotherapists’GlobalPerceivedEffectofTreatment(–6to6) 
Exp=experimentalgroup,Con=controlgroup,n/a=notapplicable.a21%(7/34)and14%(4/29)ofthequestionnaireswereansweredbycarersonbehalfoftheparticipantsatthepost- 
interventionassessmentandatthefollow-upassessment,respectively. 
 R
e
s
e
a
r
c
h 
                                                               63 
Journal of Physiotherapy 2012 
Vol. 58 
– 
© Australian Physiotherapy Association 2012 
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Exp 
p 
(n =  15)        
Con
 
Exp 
p 
 
 
 
 
of treatment effectiveness and worth than physiotherapists 
administering the splinting protocol alone. About half of 
the physiotherapists who administered the experimental 
intervention indicated that they would recommend 
Leung et al: Electrical stimulation for contracture management 
 
 
an electrical stimulation and splinting protocol to the 
participants if further treatment for wrist contracture was 
indicated. Similarly, about half of the physiotherapists who 
 
Table 6. Participants’ perception of treatment credibility at 4 weeks. The ratings for treatment worth and tolerance were 
dichotomised into <3 and ε3 for between-group comparisons. 21% (7/34) of the questionnaires were answered by carers 
on behalf of the participants. 
Outcome Groups Between-group 
comparison 
(n =  17) 
Considered the treatment beneficial, n (%) 0.387 
yes 10 (59) 7 (41) 
no 7 (41) 8 (47) 
did not answer 0 (0) 1 (6) 
unsure 0 (0) 1 (6) 
Rating for treatment worth, n (%) 0.866 
1 highly worthwhile 3 (18) 6 (35) 
2 reasonably worthwhile 7 (41) 2 (11) 
3 not sure 3 (18) 7 (41) 
4 not too worthwhile 1 (6) 1 (6) 
5 definitely not worthwhile at all 3 (18) 1 (6) 
Rating for tolerance, n (%) 0.492 
1 comfortable 5 (29) 4 (24) 
2 slightly uncomfortable 4 (24) 4 (24) 
3 moderately uncomfortable 5 (29) 6 (35) 
4 very uncomfortable but still tolerable 2 (12) 2 (12) 
5 intolerable 1 (6) 0 (0) 
did not answer 0 (0) 1 (6) 
Willing to continue the intervention, n (%) 0.353 
yes 11 (65) 9 (53) 
no 5 (29) 8 (47) 
did not answer 1 (6) 0 (0) 
Exp =  experimental group, Con =  control group 
 
Table 7. Physiotherapists’ perception of treatment credibility at 4 weeks. The ratings for treatment worth and 
tolerance were dichotomised into <3 and ε3 for between-group comparisons. n =  number of responses from 
physiotherapists, not the number of physiotherapists. 
Outcome Groups Between-group 
comparison 
(n =  14) 
Rating for treatment effectiveness, n (%) 0.017 
1 very effective 1 (7) 0 (0) 
2 effective 6 (40) 1 (7) 
3 unsure 5 (33) 10 (71) 
4 ineffective 1 (7) 3 (21) 
5 very ineffective 2 (13) 0 (0) 
Rating for treatment worth, n (%) 0.035 
1 highly worthwhile 1 (7) 1 (7) 
2 reasonably worthwhile 8 (53) 2 (14) 
3 not sure 1 (7) 4 (29) 
4 not too worthwhile 3 (20) 7 (50) 
5 definitely not worthwhile at all 2 (13) 0 (0) 
Recommended the treatment, n (%) 0.837 
yes 8 (53) 8 (57) 
no 7 (47) 6 (43) 
Exp =  experimental group, Con =  control group 
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administered the control intervention indicated that they 
would recommend a splinting protocol alone. 
Blinding of assessors 
Blinding of the assessors was reasonably successful. 
The assessors reported being unblinded in three of the 
post-intervention assessments and two of the follow-up 
assessments. On two of these five occasions, a third person 
not involved in the trial and unaware of the participants’ 
group allocation was asked to read the wrist angle from the 
protractor while the unblinded assessor did the setup and 
applied the torque. 
Anti-spasticity medications 
Two experimental participants received anti-spasticity 
medication at baseline. One had the dose increased and 
the other stopped the medication during the intervention 
period. In the control group, four participants received anti- 
spasticity medications at baseline with the dose decreased 
for two of them during the intervention period. Another 
participant started anti-spasticity medication during the 
intervention period and one other participant started it in 
the follow-up period. 
Discussion 
This trial was conducted in an attempt to find a solution to 
contracture because a Cochrane systematic review indicates 
that traditional treatment strategies involving passive 
stretch alone are ineffective. We hypothesised that stretch 
provided in conjunction with electrical stimulation may 
be more effective than stretch alone through the possible 
therapeutic effects of electrical stimulation on strength and 
spasticity. While the mean between-group difference of 7 
degrees in wrist extension was in favour of the experimental 
group (electrical stimulation and stretch) at Week 4 and 
exceeded the pre-determined minimally important effect, 
this estimate of treatment effectiveness was associated 
with considerable imprecision leading to uncertainty about 
the added benefit of electrical stimulation (as reflected by 
the wide 95% CI spanning from –2 to 15). We were also 
unable to demonstrate a treatment effect of the electrical 
stimulation on strength and spasticity. This perhaps explains 
our failure to demonstrate a convincing treatment effect on 
wrist extension. 
The imprecision of our estimate (ie, 95% CI –2 to 15) was 
greater than expected and greater than a comparable study 
upon which we based our power calculations (95% CI 4 
to 7, Bakhtiary and Fatemy 2008). There are differences 
between our trial and that of Bakhtiary and Fatemy 
which may explain these differences. Our trial recruited 
people with obvious weakness, and either spasticty or 
reduced extensibility of the long finger flexor muscles 
after an acquired brain injury regardless of anti-spasticity 
medication, whereas Bakhtiary and Fatemy recruited 
patients with spasticity after stroke who were not receiving 
anti-spasticity medication. It is possible that the two groups 
of patients respond differently to electrical stimulation. 
The electrical stimulation protocols were also different. In 
our trial, electrical stimulation was applied at the maximal 
tolerable intensity for 1 hour a day whereas Bakhtiary and 
Fatemy applied supramaximal levels of electrical stimulation 
(ie, the intensity was set at 25% over the intensity needed 
to produce a maximum contraction) for 9 minutes a day. 
 
 
 
It is not clear how participants tolerated such high doses 
of electrical stimulation. Another difference is that in our 
trial electrical stimulation was applied with the wrist held 
in an extended position in order to optimise any beneficial 
stretching and strengthening effects. In contrast, Bakhtiary 
and Fatemy applied electrical stimulation with the ankle 
unsupported (and presumably in a plantarflexed position). 
We are not sure if any of these differences between the two 
trials are important. 
There are other factors that may explain the imprecision 
of our estimate of treatment effectiveness. First, there was 
considerable variability in the participants’ age, length of 
time post-injury, and degree of spasticity, weakness, motor 
control, and hand contracture. These factors may vary the 
way participants responded to the intervention. Second, 
some participants in our study had difficulty relaxing 
during measures of passive wrist extension because of pain. 
Although any inadvertent muscle activity was unlikely to 
bias the results systematically, it may have added noise to 
the data leading to an imprecise estimate (ie, wide 95% CI). 
Perhaps there are sub-groups of participants who respond 
more favourably to electrical stimulation than others. For 
instance, initial strength may be an important determinant 
of the effectiveness of electrical stimulation. There is 
growing evidence to suggest that electrical stimulation may 
be more effective for increasing strength when combined 
with voluntary movements or functional activity (Alon et 
al 2008, Bolton et al 2004, Chan et al 2009, de Kroon et 
al 2002, Ng and Hui-Chan 2007). It is possible that people 
with some strength in their wrist or finger extensor muscles 
benefit more from electrical stimulation than those without 
any strength. However, our sample size was too small 
to explore this issue with post hoc analyses. While our 
participants were encouraged to contract the wrist and finger 
extensor muscles in time with the electrical stimulation, 
most (72%) participants did not have active wrist and 
finger movement at baseline and the majority did not have 
sufficient cognition or concentration to co-operate. Future 
studies could consider limiting the study cohort to people 
with some active motor control or using electromyography- 
triggered electrical stimulation to encourage participants 
to actively contract their wrist and finger extensor muscles 
during treatment. 
We may have found a clear treatment effect if we had used a 
stronger dose of electrical stimulation (eg, higher intensity, 
greater frequency of application, and longer application 
duration) than the regimen we tested. We applied the 
electrical stimulation for 1 hour per day, 5 days per week, 
over 4 weeks. This is in line with the dosage of electrical 
stimulation provided in a trial reporting a moderate effect 
of electrical stimulation on wrist and finger extensor muscle 
strength post-stroke (Bowman et al 1979) but it is less 
than another trial in which 90 min per day of electrical 
stimulation was used for 8 weeks (Powell et al 1999). Future 
studies could investigate the effectiveness of electrical 
stimulation applied for longer each day and/or over a longer 
time period. The latter may pose considerable challenges 
to researchers and clinicians as it is increasingly common 
for patients to be discharged from hospitals within a few 
weeks of stroke and it may be difficult to administer the 
intervention once patients are discharged home. 
The feedback from the treating physiotherapists and 
participants suggest that electrical stimulation is well 
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tolerated. Adherence to the electrical stimulation 
protocol was excellent and there were no adverse events. 
Interestingly, while we did not find a convincing treatment 
effect on our primary outcome, there was a tendency for the 
physiotherapists who implemented the electrical stimulation 
and splint protocol to give a higher score for effectiveness 
and worth than physiotherapists who implemented the 
splinting protocol alone (although the lower end of the 95% 
CI associated with the mean between-group differences 
indicated no difference). In the absence of any demonstrated 
treatment effect, this finding may reflect physiotherapists’ 
preconceived beliefs and expectations about electrical 
stimulation. There was no difference in the number of 
physiotherapists who indicated that they would recommend 
an electrical stimulation and splinting protocol versus the 
number who would recommend a splinting protocol alone. 
The results of this trial do not provide conclusive evidence 
about the effectiveness of electrical stimulation for 
contracture management. Nor do the results indicate that 
electrical stimulation is ineffective. Certain sub-groups 
of patients may respond better to this intervention than 
others but larger studies will be required to identify them. 
Until further work has been done in this area, it may be 
reasonable to apply electrical stimulation for the treatment 
and prevention of contracture, especially as it is inexpensive, 
well tolerated, and not associated with harm. ν 
 
 
Footnotes: aVersports stimulator, Ausmedic Mobility 
and Rehab, Australia. bStata Data Analysis and Statistical 
Software, www.stata.com. 
eAddenda: Table 5 available at jop.physiotherapy.asn.au 
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Chapter 5 
Standing, electrical stimulation and splinting are no better than 
standing alone for management of ankle plantarflexion 
contractures in people with traumatic brain injury: a randomised 
controlled trial 
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Standing, electrical stimulation and splinting are no better than standing alone for 
management of ankle plantarflexion contractures in people with traumatic brain 
injury: a randomised controlled trial 
 
ABSTRACT 
Question: Is using a combination of standing, electrical stimulation and splinting more 
effective than standing alone for the management of ankle contractures after severe brain 
injury? Design: A multi-centre randomised trial with concealed allocation, assessor blinding 
and intention-to-treat analysis. Participants: Thirty-six adults with severe traumatic brain 
injury and ankle plantarflexion contractures. Intervention: All participants underwent a 6-
week program. The intervention group received tilt table standing, electrical stimulation and 
ankle splinting. The control group received tilt table standing alone. Outcome measures: The 
primary outcome was passive ankle dorsiflexion with a 12Nm torque. Secondary outcomes 
included passive dorsiflexion with lower torques (3, 5, 7 and 9Nm), spasticity, Functional 
Independence Measure score for the walking item, walking speed, Global Perceived Effect of 
Treatment and perceived treatment credibility. Outcome measures were taken at baseline 
(Week 0), end of intervention (Week 6), and follow-up (Week 10). Results: The mean 
between-group differences (95% CI) for passive ankle dorsiflexion at Week 6 and Week 10 
were -3 degrees (-8 to 2) and -1 degree (-6 to 4), respectively, in favour of the control group. 
There was a small mean reduction of 1 point in spasticity at Week 6 (95% CI -1.8 to -0.1) in 
favour of the intervention group but this effect disappeared at Week 10. There were no 
differences for other secondary outcome measures except that physiotherapists’ perceived 
treatment credibility. Conclusion: Tilt table standing, electrical stimulation and splinting is 
not better than tilt table standing alone for the management of ankle contractures after severe 
brain injury.  
 
Trial Registration: ACTRN12608000637347 
 
 
Key words: Traumatic Brain Injury, Contracture, Splinting, Electrical Stimulation, Stretch. 
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INTRODUCTION 
Contractures are a common secondary problem after acquired brain injury.
1,2
 Traditional 
treatment for contractures has primarily involved passive stretch. However, a systematic 
review found that commonly-used passive stretch interventions do not produce clinically 
worthwhile effect.
3
 Two reasons may explain this finding. Firstly, the dose of passive stretch 
used in the included trials may be insufficient (median dose: 6 hours a day over 30 days). It 
has been demonstrated in a randomised controlled trial that 24 hours a day of passive stretch 
produced a greater effect on joint range than an hour a day of passive stretch (between-group 
difference of 22 degrees, 95% CI 13 to 31), and when the dose of passive stretch was reduced 
its effect diminished.
4
 Secondly, passive stretch focuses primarily on increasing the length of 
soft tissues but does not address the factors which are believed to contribute to contractures 
such as muscle weakness and spasticity. The continual presence of these factors, such as 
spasticity and muscle weakness,
1,5
 may explain why passive stretch fails to produce a large or 
sustained effect.  
 
Effective management of contractures may therefore require combining a high dose of 
passive stretch with treatments that address the underlying causes of contracture. A case 
report has described an intensive program of a high dose of passive stretch combined with 
motor training for the correction of chronic knee contractures.
6
 However, case reports only 
provide weak evidence. High quality evidence is needed to verify the effectiveness of this 
approach.  
 
The purpose of this study is to compare a multimodal treatment program (combining tilt table 
standing, splinting and electrical stimulation) with a single modality treatment program (tilt 
table standing alone). People with severe traumatic brain injury were targeted because 
contractures are common in this clinical population. Tilt table standing and splinting were 
investigated because both are commonly used and together they increase total stretch dose. 
Electrical stimulation is used because of its potential therapeutic effects on muscle weakness 
and spasticity; the two known contributors to contractures. A systematic review
7
 and a 
randomised controlled trial
8
 suggest that electrical stimulation increases strength after 
acquired brain injury. Five randomised controlled trials also report a decrease in spasticity 
with electrical stimulation.
9-13
 In addition, people with contractures often have severe motor 
impairments and therefore very limited ability to participate in active treatment. Electrical 
stimulation can elicit muscle contractions in people with little or no ability to voluntarily 
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contract muscles.
14
 Hence, it is seemingly an appropriate adjunct treatment for contractures in 
the target population. The research question therefore was: Is combining tilt table standing, 
electrical stimulation and ankle splinting more effective than tilt table standing alone in the 
treatment of ankle contractures following severe traumatic brain injury?  
 
METHOD 
Design 
A multi-centre, assessor-blinded, randomised controlled study was undertaken. All 
participants were randomly allocated to one of two groups using a blocked randomisation 
schedule: intervention group (tilt table standing, electrical stimulation and ankle splinting) or 
control group (tilt table standing only). The random allocation sequence was computer-
generated by a person not involved in participant recruitment. Group allocation was 
concealed using consecutively numbered, sealed, opaque envelopes which were kept off-site. 
After baseline assessment, the investigator contacted a person who was not involved in the 
study to reveal the group allocation. End of intervention and follow-up assessments were 
conducted at Week 6 and Week 10, respectively. 
 
Participants, therapists and centres 
All patients admitted with a traumatic brain injury to one of three Metropolitan Brain Injury 
Rehabilitation Units in Sydney (namely, Royal Rehabilitation Centre Sydney, Liverpool 
Hospital and Westmead Hospital) were screened between January 2009 and December 2014. 
They were invited by their physiotherapists to participate in the study if they fulfilled the 
following criteria:  
1) first documented traumatic brain injury 
2) a score of 4 or less on the walking item of Functional Independence Measure (i.e., an 
inability to walk 17 metres without physical assistance or 50 metres with supervision) 
3) presence of an ankle contracture (defined as passive dorsiflexion ankle range of 
motion less than 5 degrees at a torque of 12Nm; measured using the device specified 
in the study) 
4) ability to participate in the assessment and intervention program 
5) no unstable medical conditions or recent ankle fractures 
6) no other neurological conditions such as spinal cord injury or cerebrovascular disease 
7) anticipated length of stay in hospital of at least 6 weeks 
8) no Botulinum Toxin injection to ankle joint within 3 months 
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The study was approved by the ethics committees of the Northern Sydney Central Coast Area 
Health Service (Australia) and the participating hospitals. Written consent was obtained from 
all the participants or their legal guardians.  
 
Intervention 
Participants in both groups received a 6-week program. The intervention group received 30 
minutes of tilt table standing, electrical stimulation to the ankle dorsiflexor muscles, 5 days 
per week and ankle splinting 12 hours a day, at least 5 days a week. Participants were stood 
on the tilt table as vertical as they would tolerate. A wedge was placed under the foot to 
maximise the stretch to the plantarflexor muscles. Electrical stimulation was applied to the 
dorsiflexor muscles while participants stood on the tilt table. The electrical stimulation was 
used like this in an attempt to increase the strength of the dorsiflexor muscles in their shortest 
length where they are often weakest.
15
 Electrical stimulation was applied using a digital 
neuromuscular stimulation unit
a
 through a pair of square electrodes (5cm x 5cm). Parameters 
were: pulse width of 300 µs, frequency of 50 Hz, on time of 15 s, off time of 15 s, and a 
ramping-up period of 1.5 s. These parameters were selected to optimise any strengthening 
benefits.
16
 The amplitude of electrical stimulation was set to produce maximum tolerable 
muscle contractions. For participants who were unable to indicate tolerable levels of 
stimulation, the amplitude of stimulation was set to generate a palpable muscle contraction. 
Participants were encouraged to voluntarily contract their muscles with the electrical 
stimulation but most were in post-traumatic amnesia and had severe cognitive and motor 
deficits which limited their abilities to actively participate in therapy. Both tilt table standing 
and electrical stimulation were administered by physiotherapists. The intervention group also 
wore an ankle splint
b
 for at least 12 hours a day, 5 days per week. The splints positioned the 
ankles in maximum tolerable dorsiflexion. They were applied by physiotherapists, nursing 
staff or physiotherapy assistants as directed by the treating physiotherapists. 
 
Participants in the control group only received tilt table standing for 30 minutes, 3 times a 
week. They did not stand with a wedge under the foot. In short, the intervention programs of 
the two groups differed in three ways. Firstly, the intervention group received 30 sessions of 
tilt table standing while the control group only received 18 sessions. Secondly, the 
intervention group received maximum stretch (by using a wedge where applicable) while 
standing on the tilt table while the control group did not receive stretch beyond a plantigrade 
position. Thirdly, the intervention group received electrical stimulation and ankle splinting 
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while the control group did not. During the 4-week follow-up period, participants in both 
groups stood on a tilt table 30 minutes, 3 times a week, without a wedge. No electrical 
stimulation or splinting was administered to the ankle during this time. Over the course of the 
trial, all participants received usual multidisciplinary rehabilitation provided by the 
participating units as appropriate. This consisted of physiotherapy, occupational therapy, 
speech therapy, recreational therapy and psychological therapy. Physiotherapy included an 
individualised motor training program which, where appropriate, included practice of sit to 
stand, walking and standing. The usual care for both groups involved positioning of 
participants’ feet in dorsiflexion while seated and lying. No other passive stretch-based 
interventions were administered to the ankle during the trial. Physiotherapists were assigned 
to participants on admission (i.e., prior to recruitment). Thus, the physiotherapists managed 
an arbitrary mix of control and intervention participants. Diaries were used to record all 
interventions. No other passive stretch-based interventions were administered to the ankle. In 
addition, no Botulinum Toxin injection was administered to the ankle during the study 
period. Use of anti-spasticity medication was not mandated by the study protocol but was 
recorded. Assessors and medical staff were blinded to group allocation but treating 
physiotherapists and participants were not. Success of assessor blinding was monitored. 
 
Outcome measures 
There were one primary and nine secondary outcomes. The primary outcome was passive 
ankle dorsiflexion measured with a torque of 12Nm with the knee in extension. This was used 
to reflect the extensibility of the bi-articular ankle plantarflexor muscles. The secondary 
outcomes were passive dorsiflexion range at 3Nm, 5Nm, 7Nm and 9Nm, spasticity, 
Functional Independence Measure score for the walking item, walking speed, 
physiotherapists’ and participants’ Global Perceived Effect of Treatment and perceived 
treatment credibility. All outcome measures were taken at the beginning of the study (Week 
0), end of the intervention (Week 6), and follow-up (Week 10). The outcome measures were 
taken by one of the five blinded and trained assessors who assessed participants of both 
groups. The end of intervention and follow-up assessments were conducted at least 24 hours 
and within 3 days after the last session of intervention.  
 
Passive ankle dorsiflexion was measured using a specially made device and standardised 
procedure.
17
 This torque-controlled procedure has a high test-retest reliability (Intra Class 
Correlation 0.95). With the participant lying supine and the ankle firmly positioned on the 
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footplate, a standardised torque was applied to the ankle by hanging weights from the rim of 
the wheel (Figure 1). A pre-stretch was administered by applying a constant ankle 
dorsiflexion torque of 12Nm for 3 minutes. Passive ankle dorsiflexion range was then 
measured with progressively larger torques: 3Nm, 5Nm, 7Nm, 9Nm and then 12 Nm. 
Various torques were used for two reasons. Firstly, joint angle could change in response to a 
treatment for a low torque but not a high torque or vice versa. Secondly, multiple torque-
displacement values could provide information about the torque-angle relationship which 
cannot be gauged from just one single measure. The angle of the footplate and the inclination 
of tibia were measured using a digital inclinometer. The procedure was modified for two 
participants (both in the control group) who were too restless to comply with the standard 
procedure. Modifications included exclusion of pre-stretch and reversing the order of 
measurements by starting with the largest torque (12Nm). This was to ensure that the primary 
outcome measure (joint angle with 12Nm) was obtained. The same procedure was used for 
all the assessments for these two participants. This modified procedure was also used for a 
third participant (in the control group) who became too agitated in the follow-up assessment 
to adhere to the standard procedure. No other changes were made to the outcome measures or 
protocol since the commencement of the study. 
 
Spasticity of ankle plantarflexor muscles was rated based on the reaction to passive stretch at 
high speed (not angle of catch) using the 5-point scale of the Tardieu Scale.
18
 The Tardieu 
Scale has a high percentage agreement with laboratory measures of spasticity.
19
 Participants 
were instructed to relax during the test in supine with the lower leg supported on a roll. The 
assessor moved the participant’s ankle as fast as possible.  
 
Activity limitation was assessed using the walking item of the Functional Independence 
Measure and the 10-metre walk test (ICC 0.998).
20
 Functional Independent Measure has a 
high inter-rater reliability for all the motor items including walking (ICC 0.84 to 0.97).
21
 The 
10-meter walk test was only conducted on participants who could walk without physical 
assistance. The same walking aide was used in all assessments by those who required 
walking aides on the initial assessment. Participants were asked to walk over a 14-metre 
walkway as fast as possible. Time taken to walk the middle 10 metres was used to calculate 
walking speed. Walking speed was recorded as zero in those who could not walk without 
physical assistance. 
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The Global Perceived Effect of Treatment was rated by the treating physiotherapists and 
participants (or their carers if the participants did not have the capacity to answer the 
questions). Using separate questionnaires, the treating physiotherapists and participants (or 
their carers) were initially asked if they thought the ankle was better, the same or worse. They 
were then asked to rate the improvement or deterioration between 1 (a little better/a little 
worse) and 6 (a very great deal better/a very great deal worse). These responses were then 
combined into a single 13-point scale with -6 reflecting a very great deal worse, zero 
reflecting no change and +6 reflecting a very great deal better. 
 
Perceived treatment credibility was evaluated by both the treating physiotherapists and 
participants (or their carers) at Week 6 using separate questionnaires. Participants were asked 
to provide ratings for tolerance to treatment, perceived treatment worth and perceived 
treatment benefit using 5-point scales (Figure 6). They were also asked if they were willing to 
continue with the same treatment if it was to be provided (scored as “yes” or “no”). Treating 
physiotherapists were asked to rate their perceived treatment worth and treatment 
effectiveness using 5-point scales (Figure 7), and indicate if they would recommend the same 
protocol to the participants if further treatment was needed for the ankle (scored as “yes” or 
“no”). Physiotherapists and participants were also asked to report any issues or concerns 
about the intervention(s) and how they were managed using open-ended questions.  
 
Data analysis 
The sample size was calculated a priori based on best estimates. A sample of 36 participants 
was recruited to provide an 80% probability of detecting a between-group difference of 5 
degrees for the primary outcome, assuming a standard deviation of 5 degrees
22
 and a 10% 
drop-out rate. The minimally worthwhile treatment effect for the primary outcome was set at 
5 degrees in line with a number of previous studies on contractures.
23-28
 
 
Linear regression analyses were performed to assess passive dorsiflexion, walking speed and 
Global Perceived Effect of Treatment. One-factor ANOVA was used to analyse categorical 
data namely Functional Independent Measure score for the walking item and spasticity. Chi 
squared tests were used to analyse perceived treatment credibility. The significance level was 
set at < 0.05. Analyses were conducted separately for the end of intervention and follow-up 
assessments. Missing data were not imputed. All analyses were performed according to 
‘intention-to-treat’. 
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RESULTS 
Flow of participants and therapists through the study 
A total of 681 patients with traumatic brain injury were screened over 5 years from January 
2009 to December 2013. Ultimately, 36 patients were randomised. The flow of the 
participants through the study is illustrated in Figure 2. Table 1 outlines the demographic and 
injury characteristics of the intervention and control groups. The characteristics of the two 
groups were similar. The median (IQR) length of post-traumatic amnesia was 180 (115 to 
180) and 125 (90 to 180) for the intervention group and control group, respectively. This 
reflects the severe nature of participants’ brain injury. Most participants were in post-
traumatic amnesia at the time of recruitment as indicated by the median (IQR) time between 
injury and baseline assessment. In addition, majority of the participants could not walk or 
needed a lot of assistance on walking. Only 6 participants (those who scored 4 for the 
walking item of the Functional Independence Measure) could participate in the 10-metre 
walk test at baseline. The number of participants who could participate in the walk test 
increased to 17 and 18 at end of intervention and follow-up assessments respectively. Those 
who could not participate in the walk test (that is, unable to walk 14 metres without physical 
assistance) had their walking speed recorded as zero in accordance with the study protocol. 
The data of all participants were entered into the analysis for walking speed irrespective of 
whether they participated in the walk test or not. Approximately 14 physiotherapists working 
in the participating units administered the interventions as per group allocation and provided 
usual care over the course of the study. All participants (except one) were assessed in 
hospital. Data collection was completed in April 2014. 
 
Adherence to the study protocol 
Adherence to the various aspects of the intervention was summarised in Table 2. The overall 
adherence was fairly good but there was considerable variability due to a number of reasons. 
For instance, adherence of tilt table standing was reduced for in the intervention period due to 
fainting, storming, fatigue or behavioural issues (10 participants) and tilt table standing was 
discontinued in the follow-up period due to medical or psychological reasons, or early 
discharge (3 participants). The adherence to electrical stimulation was reduced primarily due 
to the reduced standing time and not related to any intolerance of electrical stimulation. The 
adherence to splinting was reduced because of behavioural issues (3 participants), poor 
tolerance (1 participant) and skin problems (1 participant).  
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One participant violated the protocol and received Botulinum Toxin injection for his ankle 4 
days into the follow-up period. The use of anti-spasticity during the course of the study was 
summarised in Table 3. Importantly, the doctors prescribing the medications were blinded to 
participants’ group allocation. There were also minor deviations from the protocol related to 
the timing of assessments (Table 2). The deviations were due to early discharges, public 
holidays, medical problems and acute illnesses. The blinding of the assessors was reasonably 
successful. Assessors were unblinded in two of the end of intervention assessments and one 
of the follow-up assessments. In two of these assessments, a third person, who was otherwise 
not involved in the study, was asked to take the readings from the dynamometer for the 
passive ankle range.  
 
Effect of multimodal treatment 
The mean between-group differences (95% CI) for passive ankle dorsiflexion with 12Nm at 
Week 6 and Week 10 were -3 degrees (-8 to 2) and -1 degree (-6 to 4), respectively (Figure 
3). Both were in favour of the control group (that is, the control group had 3 degrees and 1 
degree more passive dorsiflexion, on average, compared to the intervention group at Week 6 
and Week 10 respectively) and less than the pre-specified minimally worthwhile treatment 
effect of 5 degrees. There was a mean reduction in spasticity of 1 point (95% CI -1.8 to -0.1) 
at Week 6, favouring the experimental group, but this effect disappeared at Week 10. No 
between-group differences were found in walking speed, Functional Independence Measure 
score for the walking item, and participants’ and physiotherapists’ Global Perceived Effect of 
Treatment. All the primary and secondary outcome measures are shown in Tables 4 and 5 
(individual participant data are presented in Table 6 on the eAddenda). 
 
Overall, there were no differences between groups for participants’ tolerance to treatment, 
perceived treatment benefit, perceived treatment worth, and willingness to continue with 
treatment. In contrast, the physiotherapists administering the intervention for the intervention 
group rated perceived treatment effectiveness and perceived treatment worth higher than the 
physiotherapists administering the control intervention. They were also twice as likely as the 
physiotherapists administering the control intervention to recommend the intervention 
protocol to the participants if further treatment for ankle contracture was indicated (81% vs 
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39%). Table 7 and 8 show participants’ and physiotherapists’ perceived treatment credibility, 
respectively. 
 
DISCUSSION 
This study compared a multimodal treatment program with a single modality treatment 
program for contracture management. It was conducted because a systematic review indicates 
that passive stretch alone is ineffective.
3
 We hypothesised that a program of tilt table standing 
combined with electrical stimulation and splinting may be more effective than tilt table 
standing alone for the treatment of contracture. We added electrical stimulation because it 
may improve strength and reduce spasticity and thus address important contributors to 
contracture. We provided splinting and additional sessions of tilt table standing sessions to 
the intervention group in order to increase the dose of passive stretch. Contrary to our 
expectations, the study showed that 6 weeks of regular standing on a tilt table combined with 
electrical stimulation and ankle splinting did not provide added benefits when compared to a 
less intensive program of tilt table standing alone in people with severe traumatic brain injury 
and ankle contractures. The upper end of the 95% confidence interval associated with the 
mean between-group difference of ankle range did not reach the pre-specified minimally 
worthwhile treatment effect of 5 degrees.  This indicates that the failure to detect a treatment 
effect was not due to an inadequate sample size. Despite the findings, the physiotherapists 
who implemented the multimodal program scored treatment effectiveness and worth higher 
than physiotherapists who implemented the tilt table standing alone. They were also twice as 
willing to recommend the treatment they provided compared to those implemented tilt table 
standing alone. This is possibly a reflection of the physiotherapists’ preconceived beliefs and 
expectations about the multimodal program.   
 
A number of reasons may explain our failure to demonstrate a treatment effect. Firstly, the 
control group received some passive stretch (tilt table standing) although in a considerably 
lower dose than the intervention group. This was done because tilt table standing is often 
used in people with brain injury for purposes other than stretching. For example, it is used to 
get patients upright and to provide initial training for standing. We therefore could not justify 
depriving participants in the control group of this intervention. However, the inclusion of tilt 
table standing for the control group inevitably reduced the treatment contrast between the 
intervention and control groups, possibly diluting any possible treatment effects of the 
multimodal program. Secondly, our study recruited participants with severe traumatic brain 
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injury and ankle contractures. These participants often had severe cognitive and behavioural 
impairments and complex medical issues. These characteristics imposed considerable 
challenges for the implementation of treatment program. This reduced adherence might have 
influenced the outcome.  
 
Electrical stimulation was used in this study to address the contributors to contracture, 
namely muscle weakness and spasticity. The feedback from both participants and 
physiotherapists indicated that the use of electrical stimulation was feasible. However our 
study did not find an improvement in joint range. Electrical stimulation was applied for 30 
minutes a day, 5 days a week over 6 weeks. This dose may be insufficient. A trial which used 
a supramaximal dose of electrical stimulation (9 minutes a day over 4 weeks) found a small 
effect on joint range (5 degrees, 95% CI 3 to 8) and spasticity when compared with a group 
without electrical stimulation.
22
 Our participants with severe traumatic brain injury, however, 
may not be able to tolerate supramaximal doses or longer durations of electrical stimulation. 
In addition, electrical stimulation was applied to the ankle dorsiflexor muscles with the ankle 
in maximal dorsiflexion. This was done to maximise stretch and to strengthen the dorsiflexor 
muscles in their inner range where they are often weakest.
15
 The induced muscle contractions 
were isometric. It is not clear whether we would have obtained different results if we applied 
electrical stimulation in a different way or applied electrical stimulation to the gastrocnemius 
muscles instead.  
 
Another possible reason for not finding an effect is that most of our participants (64%) had 
severe weakness or no muscle activity (grade 2 or less) in their ankle dorsiflexor muscles at 
baseline, and many also did not have the cognitive ability to contract their ankle muscles in 
synchronisation with the electrical stimulation. There is increasing evidence supporting the 
combination of electrical stimulation with volitional muscle contractions for motor 
training.
29-37
 The potential value of electrical stimulation may be undermined if participants 
are unable to work voluntarily with the electrical stimulation. Three other trials have 
investigated electrical stimulation in people with acquired brain injury and severe motor 
impairments but the findings of all three are inconclusive.
23,38,39
 Our findings suggest that 
electrical stimulation is not effective for contracture management in people with severe 
traumatic brain injury. However, these findings may not generalisable to other clinical 
conditions or patients with less severe brain injury. 
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Our results indicate that there was no difference between a single modality treatment program 
of tilt table standing and a multimodal treatment program combining tilt table standing, 
electrical stimulation and ankle splinting. While it is always tempting to look at within-group 
changes in trials like this and use the data to conclude that both programs were equally 
effective (or ineffective), this is not a valid interpretation without a control group that had no 
intervention. We did not attempt to assess the effectiveness of individual modalities. Our 
finding, however, did suggest that the addition of splinting was not therapeutic. This finding 
is consistent with previous clinical trials on splinting which also failed to demonstrate 
treatment effects.
27,28,40
 
 
In summary this study, along with the many others that have preceded it, does not provide a 
solution to contractures. We selected tilt table standing, electrical stimulation and ankle 
splinting because they are commonly used in people with severe brain injury and their 
effectiveness when used in combination have never been investigated. In addition, they are 
amongst the few modalities that can be used in people with severe brain injury who have a 
limited ability to actively participate in treatment. Despite our failure to demonstrate a 
treatment effect, the findings of this study should not deter further research on this topic. 
Future research could investigate combining high dosages of passive stretch with medical 
interventions such as anti-spasticity medications, Botulinum Toxin injections and, where 
possible, repetitious practice of functional activities. 
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Figure 1. The device to measure passive ankle dorsiflexion. 
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Figure 2. Recruitment and flow of participants through the study. 
 
 
 
  
Control Group 
• Tilt table standing  
30 minutes a day, 
3 days per week 
Assessed for eligibility (n = 681) 
Measured passive ankle dorsiflexion, spasticity, Functional Independent Measure score of 
walking item, walking speed 
Randomised (n = 36) 
Week 0 
Intervention Group 
• Tilt table standing 
and electrical 
stimulation 30 
minutes a day, 5 
days a week, and 
splinting 12 hours a 
day, at least 5 days 
per week 
Week 6 Measured passive ankle dorsiflexion, spasticity, Functional Independent Measure score of 
walking item, walking speed, Global Perceived Effect, credibility 
(n = 17)      (n = 18) 
Measured passive ankle dorsiflexion, spasticity, Functional Independent Measure score of 
walking item, walking speed, Global Perceived Effect 
(n = 17)      (n =15) 
Week 10 
Lost to Week 6 
follow-up 
• Removed due to 
wrong diagnosis 
(n = 1) 
Lost to Week 6 
follow-up (n=0) 
Excluded (n =645) 
• Not meeting inclusion criteria (n=641) 
• Declined to participate (n=4) 
Lost to Week 10 
follow-up (n=0) 
 
Lost to Week 10 
follow-up  
• Discharged to 
regional area (n = 
2) 
• Withdrew (n=1) 
Intervention Group 
• tilt table standing, 3 
times per week 
Control Group 
• Tilt table standing, 
3 times per week 
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Figure 3. The mean between-group difference (and 95% CI) for passive ankle dorsiflexion at 12 
Nm at end of intervention and follow-up. 
     
    
End of intervention (-3, 95% CI -8 to 2) 
    
   
   
Follow-up (-1, 95% CI -6 to 4) 
 
 
    -10                   -5          0                       5         10   (degrees) 
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                    effect        worthwhile     
                                treatment      
                        effect   
     
The dots represent the mean between-group differences and the lines represent the 95% CI.  
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Table 1. Baseline characteristics of participants. 
 
Participant characteristics     Int 
(n = 17)* 
  Con 
(n = 18) 
Age at injury (yr), mean (SD) 38 (14) 38 (15) 
Gender, n male (%)  14 (82) 15 (83) 
Cause of injury, n   
 (motor vehicle accident : fall : assault: other) 10 : 4 : 2 : 1 14 : 1 : 2 : 1 
Days from injury to baseline assessment, median 
(IQR) 
140 (96 to 226) 83 (66 to 161) 
Baseline Glasgow Coma Scale score, mean (SD) 5 (3) 5 (3) 
Post-traumatic amnesia duration
, 
median (IRQ)
a 
180 (115 to 180) 125 (90 to 180) 
Anti-spasticity medication, n (%) 8 (47) 7 (39) 
FIM scale score for walking, median (IRQ) 1 (1 to 1)  1 (1 to 1) 
Ankle dorsiflexor strength, n 
(grade 0 : 1 : 2 : 3 : 4 : 5) 
 
7 : 0 : 6 : 0 : 4 : 0 
 
6 : 3 : 1 : 0 : 8 : 0 
Int = intervention group, Con = control group, FIM = Functional Independence Measure 
a 
Post-traumatic amnesia duration was transcribed as 180 days for the participants with protracted 
(>6 months) but undetermined length of post-traumatic amnesia 
*One participate was withdrawn from the intervention group immediately following recruitment 
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Table 2. Adherence to the study protocol. 
 
 Int 
(n=17) 
 Con 
(n =18) 
 protocol actual 
median (IQR) 
 protocol actual 
median (IQR) 
Intervention period 
 
     
   tilt table standing (min) 
 
900 
 
890 (780 to 900) 
 
 
540 
 
540 (517 to 568) 
 
   electrical stimulation (min) 
 
900 
 
870 (800 to 900) 
 
 n/a n/a 
   splinting (hr) 
 
≥ 360 
 
359 (197 to 436) 
(n =16)* 
 n/a n/a 
Follow-up period 
 
     
   tilt table standing (min) 
 
360 
 
330 (270 to 380) 
 
 
360 
 
360 (328 to 360) 
(n =15) 
Timing of assessments 
 
     
6-week assessment (wks) 6 7 (6 to 8)  6 6 (6 to 7) 
10-week assessment (wks) 10 10 (10 to 10)  10 10 (10 to 10) 
Int = intervention group, Con = control group, n/a = not applicable 
*The data on splinting of 1 participant were missing. 
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Table 3. The use of anti-spasticity medication during the course of the study 
 Baseline 
n ( %) 
Intervention period 
n (%) 
Follow-up period 
n (%) 
 Int 
(n=18) 
Con 
(n=18) 
Int 
(n=17) 
Con 
(n=18) 
Int 
(n=17) 
Con 
(n=15) 
On anti-spasticity 
medication 
8 (44) 7 (39) 8 (47) 8 (44) 8 (47) 8 (53) 
Increased dose n/a n/a 3 (18) 2 (11) 0 (0) 0 (0) 
Stopped medication n/a n/a 1 (6) 0 (0) 0 (0) 0 (0) 
Started medication n/a n/a 1 (6) 1 (6) 0 (0) 0 (0) 
Decreased dose n/a n/a 0 (0) 0 (0) 0 (0) 1 (7) 
Changed medication n/a n/a 0 (0) 1 (6) 0 (0) 1 (7) 
Int = intervention group, Con = control group, n/a = not applicable 
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Table 4. Mean (SD) of groups, mean (SD) difference within groups, and mean (95% CI) difference between groups for passive ankle dorsiflexion 
at Week 0, 6 and 10. 
Outcome Groups  
Difference within groups  Difference between groups 
 Week 0  Week 6  Week 10  Week 6 minus 
Week 0 
 Week 10 minus 
Week 0 
 Week 6 minus 
Week 0 
 Week 10 minus 
Week 0 
 Int 
 
Con  Int 
 
Con 
 
 Int 
 
Con 
 
 Int 
 
Con 
 
 Int 
 
Con 
 
 Int minus Con  Int minus Con 
Passive ankle 
dorsiflexion at 
12 Nm (deg) 
-5 
(6) 
(n = 17) 
-6 
(6) 
(n = 18) 
 -5 
(6) 
(n = 16) 
-3 
(9) 
(n = 17) 
 -2 
(5) 
(n =16 ) 
-3 
(7) 
(n =15) 
 -1 
(6) 
2 
(8) 
 2 
(7) 
4 
(7) 
 -3 
(-8 to 2) 
 -1 
(-6 to 4) 
Passive ankle 
dorsiflexion at  
9 Nm (deg) 
-8 
(6) 
(n = 17) 
-8 
(6) 
(n = 16) 
 -9 
(6) 
(n = 16) 
-8 
(7) 
(n = 15) 
 -7 
(5) 
(n = 16) 
-6 
(8) 
(n = 13) 
 -1 
(5) 
0 
(5) 
 2 
(6) 
2 
(7) 
 -1 
(-5 to 3) 
 -1 
(-6 to 4) 
Passive ankle 
dorsiflexion at 7 
Nm (deg) 
 
-11 
(6) 
(n = 17) 
-11 
(6) 
(n = 16) 
 -11 
(6) 
(n = 16) 
-10 
(8) 
(n = 15) 
 -10 
(5) 
(n = 16) 
-10 
(7) 
(n = 12) 
 1 
(5) 
0 
(5) 
 2 
(5) 
2 
(7) 
 1 
(-3 to 5) 
 0 
(-5 to 5) 
Passive ankle 
dorsiflexion at 5 
Nm (deg) 
\ 
-15 
(6) 
(n = 17) 
-13 
(5) 
(n = 16) 
 -15 
(6) 
(n = 16) 
-15 
(6) 
(n = 14) 
 -13 
(5) 
(n = 16) 
-14 
(8) 
(n = 12) 
 1 
(6) 
-1 
(5) 
 2 
(5) 
1 
(7) 
 2 
(-2 to 6) 
 1 
(-3 to 6) 
Passive ankle 
dorsiflexion at 3 
Nm (deg) 
 
-17 
(7) 
(n = 17) 
-16 
(6) 
(n = 16) 
 -17 
(6) 
(n = 16) 
-17 
(7) 
(n = 14) 
 -16 
(6) 
(n = 16) 
-15 
(9) 
(n = 12) 
 1 
(7) 
-1 
(6) 
 1 
(6) 
1 
(9) 
 2 
(-3 to 7) 
 0 
(-6 to 5) 
Int = intervention group, Con = control group, Shaded row = primary outcome.  
Note: Passive ankle dorsiflexion data for two participants at the end of intervention (one in exp group and one in control group) were not included 
in the analyses because of a technical problem with data collection. The decision to exclude these data was made before analysing the results. 
Note: Angle data in the first 6 columns is expressed relative to a neutral position where a negative angle denotes degrees of plantarflexion from 
neutral.   
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Table 5. Mean (SD) of groups and mean (95% CI) between-group difference in change for spasticity, walking speed, Functional Independent 
Measure scale score for walking item and Global Perceived Effect of Treatment at Week 0, 6 and 10. 
Outcome 
Groups  Difference between groups 
 Week 0  Week 6  Week 10  Week 6 minus 
Week 0 
 Week 10 minus 
Week 0 
 Int 
(n = 17) 
Con 
(n = 18) 
 Int 
(n = 17) 
Con 
(n = 18) 
 Int 
(n = 17) 
Con 
(n = 15) 
 Int minus Con  Int minus Con 
Tardieu Scale (0 to 5) 2 
(1) 
 
1 
(1) 
 2 
(1) 
3 
(1) 
 3 
(1) 
2 
(1) 
 -1 
(-1.8 to -0.1) 
 0 
(-1.2 to 0.6) 
Walking speed (m/s) 0.1 
(0.2) 
0.1 
(0.4) 
 0.3 
(0.5) 
0.4 
(0.5) 
 0.4 
(0.6) 
0.4 
(0.5) 
 -0.1 
(-0.4 to 0.2) 
 0 
(-0.4 to 0.4) 
 
Functional Independence Measure scale score 
for walking item (1 to 7) 
2 
(1) 
2 
(1) 
 3 
(2) 
3 
(2) 
 3 
(3) 
3 
(3) 
 0 
(-1.4 to 0.9) 
 0 
(-1.9 to 0.9) 
Participants’ Global Perceived Effect of 
Treatment
a
  
(–6 to 6) 
n/a n/a  1 
(2) 
(n = 15) 
2 
(2) 
(n = 16) 
 2 
(2)  
(n=15) 
3 
(3)  
(n=13) 
 -1 
(-3 to 0) 
 -1 
(-3 to 0) 
Physiotherapists’ Global Perceived Effect of 
Treatment (–6 to 6) 
n/a n/a  1 
(1)  
 
1 
(2) 
 
 1 
(1)  
(n = 14) 
1 
(1)  
 
 0 
(-1 to 2) 
 0 
(-1 to 1) 
Int = intervention group, Con = control group, n/a = not applicable 
a
 55% (11/31) and 54% (15/28) of the responses were provided by carers on behalf of the participants at the end of intervention assessment and 
at the follow-up assessment, respectively. 
Note: A negative between-group difference reflects a treatment effect in favour of the intervention group for the Tardieu Scale.  
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Table 7. Feedback from participants on perceived treatment effectiveness and treatment credibility at 
Week 6. 55% (11/31) of the questionnaires were answered by carers on behalf of the participants. 
 
 
Outcome 
Groups Between-group 
comparison 
p  Int 
(n = 15) 
Con 
(n = 16) 
Considered the treatment beneficial, n 
(%) 
  0.886 
yes 9 (60) 10 (63)  
no 6 (40) 6 (37)  
did not answer 0 (0) 0 (0)  
unsure 0 (0) 0 (0)  
Rating for treatment worth, n (%)   0.563 
1 highly worthwhile 4 (27) 8 (50)  
2 reasonably worthwhile 6 (40) 6 (37)  
3 not sure 2 (13) 2 (13)  
4 not too worthwhile 1 (7) 0 (0)  
5 definitely not worthwhile at all 0 (0) 0 (0)  
Did not answer 2 (13) 0(0)  
Rating for tolerance, n (%)   0.157 
1 comfortable 1 (7) 6 (37)  
2 slightly uncomfortable 6 (40) 7 (44)  
3 moderately uncomfortable 3 (20) 1 (6)  
4 very uncomfortable but still 
tolerable 
4 (26) 2 (13)  
5 intolerable 0 (0) 0 (0)  
did not answer 1 (7) 0 (0)  
Willing to continue the intervention, n 
(%) 
  0.583 
yes 14 (93) 14 (87)  
no 1 (7) 2 (13)  
did not answer 0 (0) 0 (0)  
Int = intervention group, Con = control group 
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Table 8. Feedback from physiotherapists on perceived treatment effectiveness and treatment credibility 
at Week 6.  
 
 
Outcome 
Groups Between-group 
comparison 
p  Int 
(n = 17) 
Con 
(n = 18) 
Rating for treatment effectiveness, n 
(%) 
  0.046 
1 very effective 0 (0) 0 (0)  
2 effective 9 (53) 3 (17)  
3 unsure 8 (47) 13 (72)  
4 ineffective 0 (0) 2 (11)  
5 very ineffective 0 (0) 0 (0)  
Rating for treatment worth, n (%)   0.025 
1 highly worthwhile 0 (0) 1 (6)  
2 reasonably worthwhile 12 (70) 4 (22)  
3 not sure 4 (24) 7 (39)  
4 not too worthwhile 1 (6) 6 (33)  
5 definitely not worthwhile at all 0 (0) 0 (0)  
Recommended the treatment, n (%)   0.009 
yes 14 (82) 7 (39)  
no 3 (28) 11 (61)  
Int = intervention group, Con = control group  
Note: n = number of responses from physiotherapists, not the number of physiotherapists. 
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Chapter 6 
The impact of simulated ankle plantarflexion contracture on the knee 
joint during stance phase of gait: a within-subject study 
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Background: Ankle plantarﬂexion contractures are common in adults with neurological disorders and known to 
cause secondary gait deviations. However, their impact on the knee joint is not fully understood. The aims of this 
study are to describe the effect of simulated plantarﬂexion contractures on knee biomechanics during the stance 
phase and on the spatiotemporal characteristics of gait. 
Methods: Mild (10–degree plantarﬂexion) and severe (20–degree plantarﬂexion) ankle contractures were simu- 
lated in thirteen able-bodied adults using an ankle-foot-orthosis. A no contracture condition was compared with 
two simulated contracture conditions. 
Findings: There was an increase in knee extension, sometimes resulting in hyperextension, throughout 
stance for the two contracture conditions compared to the no contracture condition (mean increase in 
knee extension ranged from 5° to 9°; 95% CI 0° to 17°). At the same time, there were reductions in extension 
moment and power generation at the knee. Simulated plantarﬂexion contractures also reduced gait veloc- 
ity, bilateral step length and cadence. All these changes were more pronounced in the severe contracture 
condition than mild contracture condition. While the majority of participants adopted a foot-ﬂat pattern 
on landing and exhibited an increase in knee extension during stance, two participants used a toe- 
walking pattern and exhibited an increase in knee ﬂexion. 
Interpretation: Ankle plantarﬂexion contractures are associated with an increase in knee extension during 
stance phase. However, some people with simulated ankle contractures may walk with an increase in knee 
ﬂexion instead. Ankle plantarﬂexion contractures also adversely affect gait velocity, step length and 
cadence. 
© 2014 Elsevier Ltd. All rights reserved. 
 
 
 
 
1. Introduction 
 
Ankle plantarﬂexion contractures are common in individuals with 
neurological disabilities and known to cause major problems during 
gait (Kwah et al., 2012; Yarkony and Sahgal, 1987). Observational stud- 
ies suggest that ankle plantarﬂexion contractures cause inadequate foot 
clearance, hitching of the pelvis and abduction of the hip during swing 
phase (Perry, 1974, 1992; Rose and Gamble, 1994). They also result in 
reduced hip extension during stance phase along with premature con- 
tralateral initial foot contact and reduced step length (Perry, 1974, 
1992; Rose and Gamble, 1994). However, the impact of ankle 
plantarﬂexion contractures on knee biomechanics during stance is not 
clear. Clinicians need to better understand the inﬂuence of ankle 
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plantarﬂexion contractures on knee biomechanics for clinical practice. 
For example, without a good understanding of the possible effects of 
ankle plantarﬂexion contractures, clinicians may try to correct a gait de- 
viation at the knee by providing knee control exercises when the under- 
lying impairment is a plantarﬂexion contracture. 
It is widely believed that ankle plantarﬂexion contractures in people 
with neurological conditions cause knee hyperextension during gait 
(Moseley et al., 1993; Perry, 1974, 1992). An observational study of 13 
patients with stroke and restricted ankle dorsiﬂexion reported that all 
of them walked with increased knee extension in stance phase 
(Winters et al., 1987). This observation supports the link between 
ankle plantarﬂexion contractures and increased knee extension. How- 
ever, the same is not observed in people with cerebral palsy and ankle 
plantarﬂexion contractures. While some of these individuals walk 
with knee hyperextension, others walk with excessive knee ﬂexion 
(Gage, 1991; Matjacic et al., 2006; Svehlik et al., 2010; Tardieu et al., 
1989). The limitation with these observational studies is that people 
with stroke and cerebral palsy have a range of other impairments 
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such as spasticity, and loss of strength and dexterity, which make it dif- 
ﬁcult to isolate the effect of ankle plantarﬂexion contractures. The ob- 
served knee position may not be solely due to ankle plantarﬂexion 
contractures. 
A mathematical model of bipedal motion lends support to the 
hypothesis that ankle plantarﬂexion contractures cause knee hyper- 
extension (Higginson et al., 2006). Yet the ﬁndings of this model 
have been contradicted by a study of able-bodied participants which in- 
dicated an increase in knee ﬂexion at initial and mid-stance when ankle 
plantarﬂexion contractures were simulated with tape (Goodman et al., 
2004). However, taping may not be a good model for exploring the 
effects of contractures because taping can cause pain as the tape pulls 
on the skin with weight bearing. Thus it is possible that the participants 
in this study might have actively held their ankles in plantarﬂexion and 
walked on their toes to ease the pain. Hence, the observed changes 
in knee biomechanics might not be due to the simulated ankle 
plantarﬂexion contractures but an attempt by the participants to reduce 
the pain associated with the tape. Further work is required to verify the 
ﬁnding of the mathematical model and determine the effects of ankle 
plantarﬂexion contractures on knee kinematics. This information will 
be useful for therapists to identify the underlying cause of abnormal 
knee biomechanics when walking. 
An ankle-foot-orthosis may be a superior method to simulate 
ankle contractures because, unlike taping, it is not associated with 
pain and can be adjusted to restrict ankle movement in a quantiﬁ- 
able way. Therefore, the primary objective of this study was to deter- 
mine the effect of plantarﬂexion contractures simulated with an 
ankle-foot-orthosis on knee biomechanics in able-bodied people. 
Comparisons were made between a no contracture condition and 
two contracture conditions, namely a mild contracture condition 
(10–degree plantarﬂexion) and a severe contracture condition 
(20–degree plantarﬂexion). The relationships between the severity 
of simulated plantarﬂexion contracture and the extent of changes 
in the knee biomechanics were also examined. 
The secondary objective of this study was to assess the impact of 
ankle plantarﬂexion contractures on spatiotemporal parameters. A pre- 
vious study reported that simulated ankle contractures reduce gait ve- 
locity, stride length, cadence, step lengths and single support time on 
the affected side (Goodman et al., 2004). We wanted to take this oppor- 
tunity to conﬁrm these ﬁndings. 
 
 
2. Methods 
 
2.1. Participants 
 
Thirteen healthy adults (ﬁve males and eight females) under the age 
of 50 years and without any pathology limiting strength or movement 
of their hips, knees and ankles, participated in the study. People older 
than 50 years were excluded because older people walk slower and 
have a more variable gait velocity between strides compared to younger 
people (Hollman et al., 2007). The mean (SD) age was 30 years (7), and 
height and weight were 165 cm (6) and 64 kg (10), respectively. Writ- 
ten informed consent was obtained from all the participants. The study 
was approved by the ethics committee of the University of Sydney. 
 
 
2.2. Simulation of contractures using an ankle-foot-orthosis 
 
A purpose-built ankle-foot-orthosis was used to simulate ankle 
plantarﬂexion contractures (Fig. 1). The orthosis was designed to re- 
strict ankle dorsiﬂexion at two pre-determined positions, mild (10–de- 
gree plantarﬂexion) and severe (20–degree plantarﬂexion) ankle 
contractures, while allowing full plantarﬂexion. The orthosis could 
also be unlocked to allow full ankle joint mobility. The orthosis was 
worn on the right leg only. 
 
 
Fig. 1. The purpose-built ankle-foot-orthosis that restricted ankle dorsiﬂexion while 
allowing full plantarﬂexion (dorsiﬂexion stops of two different sizes were inserted into 
the joint of the orthosis on either side to simulate the “mild” and “severe” contracture 
conditions). 
 
 
 
 
2.3. Testing procedure 
 
Four experimental conditions were conducted in the same order for 
all participants. The ankle-foot-orthosis was worn for all conditions ex- 
cept the normal walking condition. The order of testing was: 
 
1. No contracture condition — ankle-foot-orthosis with no restriction in 
ankle movement. 
2. Mild contracture condition — ankle-foot-orthosis with ankle 
dorsiﬂexion restricted to 10–degree plantarﬂexion (i.e., − 10°). 
3. Severe contracture condition — ankle-foot-orthosis with ankle 
dorsiﬂexion restricted to 20–degree plantarﬂexion (i.e., − 20°). 
4. Normal walking condition — no ankle-foot-orthosis. This condi- 
tion was included to evaluate the effect of wearing the ankle- 
foot-orthosis. 
 
Participants were not given instructions on how to walk. Instead 
they were free to walk in whatever way they felt comfortable. The 
same shoes were worn for all conditions. Comfort and ﬁt of the 
ankle-foot-orthosis were established before each assessment. Partic- 
ipants were asked to practise walking down the 10-metre walkway 
prior to data collection until they were acclimated to the test envi- 
ronment. Trials were considered successful if the right foot hits the 
designated force plate although participants were unaware that a 
force plate was being used and they were blinded to its location. 
Five successful trials were obtained for each condition. Thus there 
were 20 trials from each participant giving a total of 260 walk trials. 
4/260 trials were excluded. Two trials were excluded because the 
participants' foot missed the force plate. Two other trials were ex- 
cluded because of unacceptably high ground reaction forces. These 
trials were replaced by one of the four remaining trials in the condi- 
tion selected at random. 
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2.4. Gait analysis 
 
Data were collected using a fourteen-camera motion analysis system 
(Eagle camera/Cortex 2, Motion Analysis Corporation, Santa Rosa, USA) 
which tracked the position of body segments over a 10-metre walkway 
via reﬂective markers. This system has high reliability for measuring 
three-dimensional lower limb kinematics in the sagittal plane (mean 
coefﬁcient correlation: 0.96 to 0.99) (Mackey et al., 2005). Participants 
wore minimal clothing and had 33 reﬂective surface markers taped to 
speciﬁc anatomical landmarks (namely, forehead, cervical spine, ster- 
num, mid thoracic, sacrum, both tragi, anterior superior iliac spines, 
greater trochanters, mid-thighs, medial femoral condyles, lateral femo- 
ral condyles, upper tibias, lower tibias, lateral tibias, medial malleoli, lat- 
eral malleoli, calcanei, ﬁfth metatarsal heads and ﬁrst metatarsal heads). 
The Skeleton Builder model was used. A main feature of this model is 
that it automatically scales the bone lengths to the subject's actual 
bonelengths. The camera system recorded the motion of each marker 
while the force plate recorded ground reaction forces as the participant 
walked. The positions of the right thigh, shank and foot during one 
stance phase were exported into KinTools software (Motion Analysis 
Corporation, Santa Rosa, USA) for kinematic analysis of knee angular 
displacement and angular velocity in the sagittal plane. The three- 
dimensional internal moments and intersegment joint forces were cal- 
culated using inverse dynamics and by modelling the leg as a collection 
of rigid links or segments to calculate the moment about the knee in the 
sagittal plane. Gender, height and weight were entered into the Mass 
Model Editor of the KinTools software to ensure that the mass and iner- 
tial properties of each segment were taken into account when calculat- 
ing the kinetic data (de Leva, 1996). The joint power calculation was 
conﬁned to the product of the components of the joint moments and 
joint velocity vectors perpendicular to the sagittal plane. The data 
were time-normalised to a percentage of the total stance time. The 
mean and the 95% conﬁdence intervals were calculated across trials 
and across subjects. In addition, each participant's gait pattern was ob- 
served as they walked and described. The descriptions were conﬁrmed 
by observing the joint movements and the location of ground reaction 
forces frame by frame on a computer. 
 
2.5. Spatiotemporal parameters 
 
Gait velocity, ipsilateral and contralateral step length, cadence, and 
percent single-support duration of the ipsilateral leg were derived 
from the foot-contact and toe-off events of the gait cycle using the 
KinTools software. 
 
2.6. Statistics 
 
Maximum ankle dorsiﬂexion during stance derived from the ankle 
kinematic data was used to conﬁrm the success of the ankle-foot- 
orthosis in simulating plantarﬂexion contracture. In addition, the no 
contracture condition was compared with the normal walking condi- 
tion to evaluate the effect of wearing the ankle-foot-orthosis on knee 
kinematics. 
variables, data from each trial for each participant were entered into 
the models. Energy expenditure at the knee during the stance phase of 
one gait cycle was calculated as the product of mean absolute value of 
knee power throughout stance phase and stance duration. The mean 
values of the ﬁve trials were entered into the models. General linear 
models were also used to determine the relationships between the se- 
verity of stimulated ankle contractures and extent of changes in the 
knee kinematics and spatiotemporal parameters. The signiﬁcance level 
was set at b 0.05. All data are presented as means and 95% conﬁdence in- 
tervals unless otherwise stated. 
 
 
3. Results 
 
3.1. Simulation of contractures using an ankle-foot-orthosis 
 
The use of ankle-foot-orthosis to simulate plantarﬂexion contrac- 
tures was successful. The mean (SD) maximum ankle dorsiﬂexion dur- 
ing stance phase in the no contracture condition was 5 (3) degrees 
compared to − 8 (3) degrees in the mild contracture condition and 
− 17 (3) degrees in the severe contracture condition. No participant re- 
ported any pain from wearing the orthosis. 
The knee kinematics of the no contracture condition (i.e., wearing 
the orthosis but unlocked and without restriction) and the normal 
walking condition (i.e., no orthosis) were very similar and there were 
no statistically signiﬁcant between-group differences in either mean 
knee ﬂexion on loading (− 0.3°, − 3.2 to 2.6), or the peak knee exten- 
sion in mid-stance (− 1.1°, − 5.4 to 3.1). The kinematics of these two 
conditions are presented in Fig. 2. 
 
 
3.2. Effect of simulated contractures on knee kinematics 
 
There was an increase in knee extension throughout stance phase in 
the simulated contracture conditions compared to the no contracture 
condition (see Table 1 and Fig. 3). Peak knee ﬂexion on loading was 5° 
(0 to 10) less in the mild contracture condition and 9° (2 to 17) less in 
the severe contracture condition compared to the no contracture condi- 
tion. Peak knee extension during mid-late stance was 8° (4 to 12) more 
in the mild contracture condition and 8° (0 to 15) more in the severe 
contracture condition compared to the no contracture condition. 
These increases in knee extension in the two contracture conditions 
were statistically signiﬁcant when compared to the no contracture con- 
dition. A linear positive relationship was found between severity of con- 
tracture and both peak knee ﬂexion on loading and peak knee extension 
during mid-late stance (P = 0.016 and 0.005, respectively), that is, 
 
55 
 
no contracture 
 
35 normal walking 
Comparisons were made between the no contracture condition  15 
and the simulated contracture conditions to evaluate the effect of 
plantarﬂexion contractures on knee kinematics during stance phase 
and spatiotemporal variables. Statistical analyses were performed for 
flexion 
(1) peak knee ﬂexion on loading in early stance phase, (2) peak knee 
extension during mid-late stance, (3) peak value of knee extension mo- 
ment throughout stance phase, (4) peak values of knee ﬂexion moment 
throughout stance phase, (5) energy expenditure at the knee throughout 
-5 0 20 40 60 80 100 
extension 
stance phase, (6) gait velocity, (7) ipsilateral and (8) contralateral step 
length, (9) cadence, and (10) percent ipsilateral single-support duration. 
-25 Time (%stance) 
SPSS software (version 18) was used to perform all analyses. General 
linear models (nested repeated measures) were used for statistical 
comparisons. For the spatiotemporal, kinematic and joint moment 
Fig. 2. Knee angular displacement curves for the no contracture condition (i.e., wearing 
ankle-foot-orthosis with no restriction in ankle movement) and normal walking condition 
(i.e., no ankle-foot-orthosis). Curves normalised to percent stance time. Thick solid lines 
represent mean values, dotted lines represent 95% conﬁdence interval of mean values. 
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Table 1 
Effect of simulated ankle plantarﬂexion contracture on knee kinematics, knee kinetics and spatiotemporal parameters. 
 
 Mean (SD)    Mean difference (95% CI)  
No contracture Mild contracture Severe contracture  No versus mild contracture No versus severe contracture 
Peak knee ﬂexion on loading (degrees) 12 (4) 6 (7) 2 (10)  −5 (−10 to 0)
a
 −9 (−17 to −2)
a
 
Peak knee extension during mid-late stance (degrees) −2 (3) 6 (7) 6 (9) 
 
8 (4 to 12)
a
 8 (0 to 15)
a
 
Peak knee extension moment throughout stance (Nm/kg) 0.50 (0.18) 0.28 (0.14) 0.16 (0.11) 
 
−0.24 (−0.34 to −0.14)
a
 −0.36 (−0.49 to −0.23)
a
 
Peak knee ﬂexion moment throughout stance (Nm/kg) 0.29 (0.15) 0.58 (0.18) 0.69 (0.27) 
 
0.26 (0.11 to 0.40)
a
 0.39 (0.22 to 0.57)
a
 
Energy expenditure at the knee joint (joules) 0.17 (0.06) 0.15 (0.06) 0.16 (0.08) 
 
0.01 (−0.06 to 0.03) 0.01 (−0.08 to 0.05) 
Velocity (m/s) 1.2 (0.2) 1.0(0.2) 0.8(0.4) 
 
−0.2 (−0.4 to −0.1)
a
 −0.4 (−0.7 to −0.2)
a
 
Contralateral step length (m) 0.62 (0.13) 0.54 (0.13) 0.42 (0.24) 
 
−0.08 (−0.15 to −0.004)
a
 −0.20 (−0.35 to −0.05)
a
 
Ipsilateral step length (m) 0.65 (0.08) 0.56 (0.15) 0.55 (0.15) 
 
−0.09 (−0.13 to −0.04)
a
 −0.10 (−0.14 to −0.06)
a
 
Cadence (step/s) 1.03 (0.28) 0.99 (0.47) 0.85 (0.24) 
 
−0.05 (−0.21 to 0.12) −0.19 (−0.28 to −0.10)
a
 
Percent ipsilateral single support duration (%) 40.6 (10.3) 41.1 (9.9) 39.1 (10.50) 
 
0.5 (−3.2 to 4.1) −1.5 (−6.5 to 3.4) 
a   
Signiﬁcant difference comparing the no contracture condition with the contracture conditions (P b 0.05). 
 
 
increased severity of contracture was associated with increases in knee 
extension during stance. 
 
 
3.3. Effect of simulated contractures on knee kinetics 
 
There was a reduction in the knee extension moment about the knee 
throughout stance phase when the contracture conditions were com- 
pared to the no contracture condition (see Table 1 and Fig. 3). There 
was also a reduction in knee peak power generation but an increase 
in knee power absorption in mid-stance, while a reduction in knee 
power absorption was observed at early and late stance (Fig. 3). Simu- 
lated contractures did not change the energy expenditure at the knee 
(Table 1). 
 
 
3.4. Description of gait patterns 
 
Twelve of the participants in the mild contracture condition and 11 
of the participants in the severe contracture condition were observed 
to place their right foot ﬂat on the ground during early and mid- 
stance. These observations were conﬁrmed by checking the joint move- 
ments and the location of the ground reaction forces at foot contact on a 
computer. All these participants bore weight on the rear part of their 
feet and showed increased knee extension. 
One participant, however, adopted a different walking pattern to 
others and walked on his toes in both contracture conditions, and a dif- 
ferent participant was observed to walk on his toes in the severe con- 
tracture condition. The tracking process conﬁrmed that the ground 
reaction forces were under their fore-feet at foot contact. This toe- 
walking pattern was accompanied by a distinctly different knee angle 
displacement pattern and was characterised by an increase in knee ﬂex- 
ion throughout stance. In the mild contracture condition, a 12-degree 
increase in the peak knee ﬂexion on loading and a 5-degree reduction 
in the peak knee extension were found compared to the no contracture 
condition. In the severe contracture condition, a 10-degree increase in 
the peak knee ﬂexion on loading and a 10-degree reduction in peak 
knee extension were recorded. The kinematics of these two walking 
patterns (i.e., foot-ﬂat pattern and toe-walking pattern) is presented 
in Fig. 4. 
 
 
3.5. Effect of simulated contractures on spatiotemporal parameters 
 
Reductions were observed in gait velocity, cadence, and bilateral 
step length but not percent single-support duration when the contrac- 
ture conditions were compared with the no contracture condition 
(Table 1). Contralateral was shorter than ipsilateral step length. Signiﬁ- 
cant relationships were found between the changes in these spatiotem- 
poral variables and severity of contracture (P-values ranged from 0.000 
to 0.008). 
4. Discussion 
 
Simulated ankle plantarﬂexion contractures in able-bodied peo- 
ple resulted in an increase in knee extension during stance. During 
normal walking there are two extension peaks that occur at foot 
contact and in the early part of mid-stance. The knee does not 
fully extend in either of these phases. This phenomenon is described 
as ‘stance phase knee ﬂexion’ (Whittle, 2007). This normal stance 
phase ﬂexion of the knee was lost and replaced by full extension 
or even hyperextension during the two contracture conditions. 
This increase in knee extension or hyperextension occurs within 
the limit of the normal laxity of the soft tissue structures around 
the knee. This ﬁnding is consistent with Perry's original suggestion 
in 1974 that restricted ankle dorsiﬂexion reduces the forward rota- 
tion of the lower leg over the foot during stance phase, with a resul- 
tant increase in knee extension and sometimes hyperextension 
(Perry, 1974). This ﬁnding is also consistent with a mathematical 
model linking ankle plantarﬂexion contractures with increased 
knee extension (Higginson et al., 2006). Ankle plantarﬂexion con- 
tractures are common after acquired brain injury (Kwah et al., 
2012; Yarkony and Sahgal, 1987), thus it may be one reason for 
the high incidence of knee hyperextension in people with neurolog- 
ical disabilities (Cooper et al., 2012; Knutsson and Richards, 1979). 
Simulated ankle contractures resulted in a marked reduction in the 
knee extension moment during early-mid stance. This indicates that 
as the knee goes into hyperextension, the net concentric knee extensor 
muscle activity is reduced. This suggests that the knee hyperextension is 
passive and is brought upon largely by forces that are not generated by 
the knee joint. These external forces can be generated by the increased 
plantarﬂexion moment associated with ankle plantarﬂexion contrac- 
tures (Lamontagne et al., 2000) and the large extension moment as 
the centre of body mass moves anterior to the knee joint (Moseley 
et al., 1993). The simultaneous increases in knee ﬂexion moment and 
knee power absorption in mid-stance suggest increased activity of the 
knee ﬂexors as they work eccentrically to slow down the knee as it 
moves into hyperextension. Thus while the concentric knee extensor 
activity reduces, the eccentric knee ﬂexor activity increases. It is there- 
fore not surprising that there is no difference in the overall energy ex- 
penditure in the knee joint when the simulated contracture conditions 
were compared to the no contracture condition. Unlike able-bodied 
people, eccentric control of knee ﬂexors is often impaired in people 
with neurological disorders and may cause the knee to hyperextend 
abruptly. 
The majority of participants exhibited a foot-ﬂat pattern and showed 
reduced peak knee ﬂexion on loading and increased knee extension in 
mid-late stance with simulated contractures. However, two participants 
adopted a different walking strategy and used a toe-walking pattern 
with increased knee ﬂexion. Both patterns have their own shortcom- 
ings. A foot-ﬂat pattern is associated with knee hyperextension which 
over time may lead to genu recurvatum. A toe-walking pattern, on the 
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Fig. 3. Knee angular displacement curves (deg), moments (Nm/kg) and powers (watts/kg) for the no contracture and the contracture conditions. Curves normalised to percent stance time. 
Left column: no contracture versus mild contracture; Right column: no contracture versus severe contracture. Solid lines represent mean values, and dotted lines represent 95% conﬁdence 
interval of mean values. 
 
 
 
 
 
other hand, may encourage further loss in ankle dorsiﬂexion range and 
further contractures. 
In this study, healthy participants were recruited to avoid confound- 
ing by other neurological impairments such as spasticity and loss of 
strength and dexterity. We postulate that the same two gait patterns 
(i.e., foot-ﬂat and toe-walking patterns) can be expected in people 
with a neurological condition. However, the determinants that drive a 
person to use one pattern instead of another are yet to be determined. 
It is likely that the gait pattern used is contingent upon a persons ability 
(or inability) to meet the kinetic requirements of the two gait patterns. 
Comparison of the kinetics of these two patterns will provide useful in- 
formation to better understand the determinants of the gait patterns ob- 
served in people with pathology and an ankle plantarﬂexion contracture. 
Simulated ankle contractures are associated with a decrease in walk- 
ing speed, bilateral step length and cadence. This ﬁnding is similar 
to  those  of  Goodman  et  al.  (2004).  The  reductions were  more 
 
pronounced in the severe ankle contraction condition than the mild 
ankle contracture condition. In addition, a greater reduction was 
found in the contralateral step length than the ipsilateral step length. 
This suggests that ankle plantarﬂexion contractures impede the forward 
movement of the contralateral leg. This may explain the reduced walk- 
ing speed and cadence. All these observations suggest that ankle 
plantarﬂexion contractures compromise walking ability. We, however, 
cannot rule out the possibility that participants' walking may improve 
with some more practice. 
Our study was conducted on healthy participants. Thus care has to be 
exercised when extrapolating these results to clinical populations as 
people with a neurological condition generally have less ability than 
able-bodied people to adapt to impairments, including contractures. 
The impact of ankle plantarﬂexion contractures on gait and spatiotem- 
poral parameters may be more profound in people with neurological 
conditions than that observed in this study. 
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Fig. 4. Knee angular displacement curves of the two distinct gait patterns (i.e., heel-strike 
pattern and toe-walking pattern). Curves normalised to percent stance time. Thick solid 
lines represent the heel-strike pattern in the contracture conditions, dotted lines represent 
the toe-walking pattern in the contracture conditions, and thin solid line represents the no 
contracture condition. 
 
In our study, the ankle-foot-orthosis effectively restricted ankle 
dorsiﬂexion range to approximately −10° and −20° for the two contrac- 
ture conditions while allowing free ankle plantarﬂexion. Our kinematic 
data shows that the ankle-foot-orthosis provides a good way to simulate 
plantarﬂexion contractures in a quantiﬁable way. No participants report- 
ed any pain and more importantly, wearing the ankle-foot-orthosis 
without a simulated contracture (no contracture condition) did not pro- 
duce any change in the knee angular displacement when compared to 
not wearing it (normal walking condition). However, an ankle-foot- 
orthosis only restricts range of movement at the ankle. It effectively sim- 
ulates contractures resulting from a loss of length in the mono-articular 
structures spanning the ankle joint but not the bi-articular structures 
spanning both the ankle and knee joints. Although it is possible that 
shortening of bi-articular structures such as gastrocnemius has a similar 
impact on knee biomechanics, further investigations are needed. Anoth- 
er limitation of this study is that the ﬁndings were derived from kine- 
matic and kinetic data. Further studies involving electromyography 
will be required to verify our interpretations. 
 
5. Conclusion 
 
Simulated plantarﬂexion contractures are associated with an in- 
crease in knee extension (or knee hyperextension) during stance. This 
kinematic change is accompanied by a reduction in knee extension mo- 
ment and power generation. Although the majority of participants 
adopted a foot-ﬂat and knee hyperextension pattern of walking, two 
participants adopted a toe-ﬁrst and knee ﬂexion pattern of walking. 
Simulated plantarﬂexion contractures also reduce gait velocity, bilateral 
step length and cadence. 
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Chapter 7 
Discussion 
 
7.1  Physiotherapy for contractures 
 
7.1.1 Overview 
One aim of this thesis was to advance knowledge on contracture management after 
acquired brain injury. Passive stretch has been the most commonly used physical 
intervention for prevention and correction of contractures. However, there is controversy 
about its use. A systematic review concludes that passive stretch, as typically applied, does 
not provide clinically important effects for people with neurological conditions.1 It is 
probable that the studies to date had not used a sufficient dose of passive stretch, and 
passive stretch had not been combined with treatments that address the contributors to 
contractures. The theoretical framework underlying the combined treatment approach is 
that contractures are a complex problem involving multiple contributors. Passive stretch 
aims solely to reverse soft tissue shortening but does not address any of the contributors. 
The continual presence of these contributors is probably the reason why passive stretch 
alone fails to produce a worthwhile or lasting effect. I therefore hypothesised that 
combining passive stretch with treatments that address the contributors of contracture 
would be more effective than passive stretch alone. 
7.1.2 Principal findings 
The case report (Chapter 3) illustrated a long-term resolution of severe contractures 
following an intensive program of combining passive stretch with motor training. It is the 
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first documented case that involves administration of passive stretch over an extended 
period of time (10 months). The treatment program had certain key features that might 
have contributed to its outcome. Firstly, a high dose of passive stretch was used (24 hours a 
day). Secondly, passive stretch was administered in conjunction with treatment (in this case, 
motor training) to address muscle weakness; a factor believed to contribute to contractures. 
Thirdly, passive stretch was continued until this factor had been adequately addressed. This 
program is very different to that of previous clinical trials on passive stretch; none of which 
applied passive stretch more than 6 months or combined passive stretch with treatments to 
address contributors of contractures. The features of this program may hold the key to 
contracture management but robust evidence is needed to support such an approach.  
The first randomised controlled trial (Chapter 4) investigated the effectiveness of electrical 
stimulation on wrist range of motion as an adjunct treatment for contracture management 
in people with acquired brain injury and poor hand control. It found a mean between-group 
difference of 7 degrees which exceeded the predetermined minimally important effect of 5 
degrees. However, the estimate was associated with uncertainty (95% CI: -2 to 15 degrees). 
No treatment effect was found on muscle strength, spasticity and motor function.  
The second randomised controlled trial (Chapter 5) compared a multimodal treatment 
program with a single modality treatment program for the management of ankle 
contractures in people with traumatic brain injury who had severe motor and cognitive 
impairments. The trial found that tilt table standing combined with electrical stimulation 
and ankle splint was not more effective than tilt table standing alone on joint range of 
motion (-3 degrees, 95% CI -8 to 2), motor function (0, 95% CI -1.4 to 0.9) and walking speed 
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(-0.1, 95% CI -0.4 to 0.2). A small reduction in spasticity was observed immediately following 
the interventions (-1, 95% CI -1.8 to -0.1), but this effect dissipated in 4 weeks.  
7.1.3 Implications and suggestions for further investigations 
Passive stretch has a sound physiological rationale and has been the mainstream treatment 
for contractures. The finding of a systematic review1 contradicts the long-held belief that 
passive stretch is an effective treatment for contracture management. Systematic reviews 
provide the highest level of evidence. This finding imposes a major challenge to a common 
therapy practice. Should clinicians abandon passive stretch based on the findings of the 
systematic review? The outcome of the case report (Chapter 3) suggests that clinicians 
should consider using large doses of passive stretch, combining passive stretch with 
treatments that address the contributors to contractures and continuing with passive 
stretch until the contributors have been adequately addressed. However, evidence based on 
case studies is inherently weak. Further research is needed to support this treatment 
approach.  
The two randomised controlled trials both compared a program combining passive stretch 
and electrical stimulation with a program of passive stretch alone. They both failed to 
demonstrate that the program of passive stretch and electrical stimulation was superior to 
passive stretch alone. One probable explanation is that the dose of electrical stimulation 
may have been insufficient. In these two clinical trials, electrical stimulation was used 30-60 
minutes a day over 4 to 6 weeks. Larger doses may be required to achieve a therapeutic 
effect but these were not considered for the trials because of the concern that participants 
may not be able to tolerate higher intensity or longer duration of stimulation. Another 
probable explanation is that electrical stimulation is ineffective in people with severe motor 
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and cognitive impairments. A recent study showed that people with some active control 
respond more favourably to electrical stimulation than those without.2 There is also 
increasing evidence that supports combining electrical stimulation with voluntary muscle 
contractions for strength and functional training.3-11 In the two clinical trials reported in this 
thesis, the vast majority of the participants did not have the motor or cognitive ability to 
contract muscles voluntarily in time with electrical stimulation. The potential effects of 
electrical stimulation could have been undermined if participants could not work voluntarily 
with it. It seems logical to suggest future studies on electrical stimulation restrict the 
inclusion criterion to people with some active motor control. Further studies may also 
consider using electromyography-triggered electrical stimulation to encourage voluntary 
muscle contractions. However, people with contractures often have poor motor function 
and limited ability to participate in active treatment.12-14 Therefore, both these suggestions 
for further studies may be of limited practical value. In this thesis, both randomised 
controlled trials compared a combined treatment program with a single modality program. 
Neither trial included a control arm that received no intervention. Therefore we can only 
make conclusions about the relative effectiveness of the two treatment programs. The 
effectiveness of these programs compared to no intervention remains unclear. It may be 
useful for future studies to compare a multi-modal intervention group with a control group 
that does not receive any intervention other than usual care.  
Our findings coincide with that of two recent comparable studies on people with stroke.15,16 
One investigated the use of electrical stimulation for the wrist joint.15 Another investigated 
the effectiveness of a program combining electrical stimulation with passive stretch on 
shoulder range.16 Comparison was made with no or sham stimulation. Their findings were 
both inconclusive (wrist: 4 degrees, 95% CI -7 to 15; shoulder external rotation 13 degrees, 
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95% CI 1 to 24; abduction 0 degree, 95% CI -17 to 18; flexion 9 degrees, 95% CI -17 to 35). 
Similar to the clinical trials in this thesis, these studies were conducted on people with poor 
motor control. The congruency of the results adds credibility to our finding that electrical 
stimulation may not be effective for people with severe brain injury. However, this finding 
may not hold for other clinical populations or people with less impairment. In addition to 
electrical stimulation, my second clinical trial also used splinting 12 hours a day. The failure 
of splinting to demonstrate a treatment effect in this trial is consistent with other studies on 
splinting.17-20 Clinicians may have to re-think the use of electrical stimulation and splinting 
for people with severe brain injury for contracture management. 
In all, much research is still required in the area of contracture management. At present, 
there is strong evidence that passive stretch alone is ineffective. This thesis proposes 
combining passive stretch with treatments that address contributors to contractures. While 
this concept may not be new, the case report and the two randomised controlled trials in 
this thesis are amongst the very few studies that have examined such an approach. The 
findings of the two randomised controlled trials, along with two other recently published 
studies,16,21 do not provide support for using electrical stimulation for contracture 
management in people with severe motor or cognitive deficits. Nonetheless, researchers 
should not be discouraged from conducting further investigations on combining passive 
stretch with treatments that address the contributors to contractures. This thesis only 
focused on physical interventions. Clinicians and researchers can consider other treatment 
options such as combining passive stretch with medical interventions like anti-spasticity 
medications and Botulinum Toxin injections. Further effort is needed to identify 
interventions that can effectively tackle the contributors to contractures and are applicable 
 109 
 
to people with contractures. Future research into various combinations of treatment may 
provide a much needed solution for contracture management. 
  
7.2 The impact of ankle contractures on gait 
 
7.2.1 Overview 
The second part of my thesis examined the impact of ankle contractures on the 
biomechanics of the knee during gait. Ankle contractures are known to cause secondary gait 
deviations. However, their impact on the knee joint during gait is not fully understood. 
Ankle contractures and knee hyperextension gait are both common problems after stroke.22-
24 While they often co-exist, the relationship between the two is unclear as research findings 
on this have been conflicting.25,26 An observational study was therefore conducted to 
determine the impact of ankle contractures on knee biomechanics. 
7.2.2 Principal findings 
The study (Chapter 6) confirms that ankle contractures are associated with an increase in 
knee extension in stance (5 degrees to 9 degrees, 95% CI 0 to 17 degrees). This finding 
supports Perry’s original statement that restricted ankle dorsiflexion reduces the forward 
rotation of the lower leg segment over the foot during stance phase leading to increased 
knee extension (or hyperextension).27 It also concurs with a mathematical model25 that links 
ankle contractures with increased knee extension. The study found reductions in extension 
moments and power generations secondary to ankle contractures. These findings suggest 
that the movement of the knee into extension is largely passive but controlled by increased 
eccentric flexor activity. Despite the changes in knee kinematics and kinetics, simulated 
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ankle contractures did not change the overall energy expenditure at the knee joint during 
stance phase. Different to other previous studies,25,26 the study reveals more than one gait 
pattern secondary to ankle contractures. While the majority of participants used a foot-flat 
pattern and exhibited an increase in knee extension, a few of them adopted a toe-walking 
pattern and showed an increase in knee flexion. This finding is in congruence with the mixed 
walking patterns observed in people with cerebral palsy and ankle contractures.28-31 The 
study also confirms the finding of a previous study26 that ankle contractures reduce walking 
speed, cadence and bilateral step length. All the changes in kinematics, kinetics and 
spatiotemporal parameters were more profound in the severe contracture condition than 
mild contracture condition. 
7.2.3 Implications and suggestions for further investigations 
The observational study (Chapter 6) establishes the association between ankle contractures 
and an increase in knee extension (or knee hyperextension) during stance. Knee 
hyperextension gait is a common gait disorder with 40-60% of people with stroke walking 
with such gait pattern.24 The association implies that ankle contractures can play a role in 
this gait disorder.  
Two distinctive walking patterns secondary to ankle contractures were observed in the 
study: foot-flat pattern and toe-walking pattern. It is likely that ankle contractures would 
result in the same two walking patterns in clinical populations. However, the determinants 
for adopting one pattern and not the other are unclear and warrants further investigation. 
Both patterns can lead to undesirable long-term outcomes. A foot-flat pattern, with its 
association with knee hyperextension, can lead to genu recurvatum over time. A toe-
walking pattern, on the other hand, may encourage further loss in ankle dorsiflexion range 
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and thus accentuate contractures. Further studies are needed to identify effective 
treatment to correct these gait patterns or mitigate their negative impacts. 
The study was conducted on healthy participants to avoid confounding by other 
impairments. Caution has to be exercised when extrapolating the results to clinical 
populations. Firstly, people with a neurological condition are less able to adapt to 
impairments, like contractures, than able-bodied people. Thus, the effects of ankle 
contractures on both gait and spatiotemporal parameters are likely to be more profound in 
these people than observed in the study. Secondly, the healthy participants of the study 
showed increased knee flexion moment and knee power absorption in the simulated 
contracture conditions. The increased eccentric knee flexor activity probably slows the knee 
down as it moves into hyperextension. However, people with neurological conditions and 
impaired knee control may not have the ability to increase eccentric knee flexor activity. In 
such cases, an abrupt knee hyperextension can be expected. 
The study shows that an ankle-foot-orthosis provides an effective and quantifiable way to 
simulate fixed ankle contractures. However, it is not without limitations. While it effectively 
simulates contractures resulting from shortening of a mono-articular structure spanning 
over the ankle (such as soleus), it does not mimic contractures resulting from shortening of 
biarticular structures spanning the knee and ankle (such as gastrocnemius). Its rigid 
properties also limit its ability to mimic the dynamic nature of ankle restriction imposed by 
spasticity. While the impact of shortening of gastrocnemius or spasticity of ankle 
plantarflexors on knee biomechanics may be similar to that observed in the study, further 
investigations are needed to confirm this. In addition, the findings of the study are based on 
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kinematic and kinetic data. Verification of the interpretations using electromyography will 
be useful. 
 
7.3 Summary 
 
The overall aim of this thesis was to advance knowledge on contractures. The first part of 
the thesis suggests that it is premature to abandon passive stretch. Instead, it proposes 
combining passive stretch with treatments that address the contributors to contractures. 
The case report was firstly presented to support this proposition. It described an adolescent 
whose severe knee contractures did not respond to low dose of passive stretch but resolved 
after the dose of passive stretch was increased, and the effect was maintained by an 
intensive program combining stretch with motor training. This case report provides a 
preliminary justification for an intensive program of passive stretch administered in 
combination with motor training for the correction of severe contractures. The first 
randomised controlled study examined the effectiveness of electrical stimulation as an 
adjunct treatment for contracture management. The finding of this study was inconclusive. 
The second randomised controlled study compared a program combining tilt table standing, 
electrical stimulation and ankle splinting with a program of tilt table standing alone. It did 
not find one program more effective than the other. These findings indicate that electrical 
stimulation and splinting may not be useful for contracture management in people with 
severe motor and cognitive impairments. These studies contribute to the evidence base for 
contracture management. The data of these studies may be useful for future meta-analyses 
to determine the role electrical stimulation in rehabilitation. The second part of this thesis 
focused on the impact of ankle contractures on the knee joint. An observational study 
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established the association between ankle contractures and an increase in knee extension. 
It also identified the two gait patterns that are associated with ankle contractures. In 
addition, it confirmed the adverse effects of ankle contractures on spatiotemporal 
parameters. These findings may improve clinicians’ understanding of the gait deviations 
caused by ankle contractures. I hope that the information generated from this thesis will 
provide useful guidance for future research and clinical practice in contracture 
management. 
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1. BRIEF DESCRIPTION OF THE PROJECT 
The aim of the study is to investigate the effectiveness of a bimodal approach in the management of 
contracture. A multi-centre randomised controlled study with concealed allocation and assessor 
blinding will be conducted. In the study, participants will be randomly allocated into receiving either 
a programme combining hand splinting and electrical stimulation or a programme using hand 
splinting alone. The effectiveness of the two programmes in maintaining the length of the extrinsic 
wrist and finger flexors will be compared. The participants are people with stroke or traumatic brain 
injury admitted to one of the rehabilitation units of Royal Rehabilitation Centre Sydney, the 
rehabilitation unit in Balmain Hospital, or the Brain Injury Unit at Liverpool Hospital.  
 
 
2. METHODOLOGY 
2.1 Experimental design 
A multi-centre randomised controlled study with concealed allocation and assessor blinding will be 
conducted. 
 
2.2 Eligibility criteria 
36 participants who fulfil the following eligibility criteria will be recruited in the study: 
  
 first diagnosis of acquired brain injury 
 weakness of wrist extensors (inability to extend wrist and fingers fully in a gravity eliminated 
position ie., strength < grade 2) 
 presence of reduced flexibility, spasticity (ie., Tardieu Scale score >1)  or hypertonia in the wrist 
and finger flexor muscles 
 inpatient rehabilitation stay anticipated to be at least 4 weeks 
 ability to participate in a splinting regimen and an electrical stimulation programme  
 passive wrist extension to at least neutral with fingers extended (ie. ability to place the wrist in 
neutral with fingers extended on a flat surface) 
 no medical conditions that contraindicate full participation in the hand splinting or electrical 
stimulation programme 
 no recent wrist or finger fractures  
 no fixed flexion deformities in the individual finger joints 
 no previous wrist problems that limit passive wrist range of motion, and 
 informed consent from the participant or the person responsible for him or her. 
 
 
2.3 Screening procedure 
Investigators/physiotherapists of the five participating units will screen all existing patients and all 
new admissions. Outcomes of screening will be recorded on the Screening Log. When an eligible 
patient is identified, Investigators will notify the Principal Investigator (Mrs Joan Leung) to arrange 
an assessment by a blinded assessor. The blinded assessor will confirm participant’s eligibility. 
 
The use of the Screening Log will ensure all potentially eligible patients are considered for 
recruitment. Investigators of each site will submit copies of the Screening Log to the Principal 
Investigator (Mrs Joan Leung) each month so recruitment rate can be monitored. 
 
 
2.4 Recruitment 
Participant Information Sheet/Person Responsible Information Sheets and Consent Forms will be 
provided to each of the participating units. The Information Sheet describes how the study will be 
conducted, the potential benefits and risks, confidentiality issues and right to withdrawal. The 
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Consent Form will be used to obtain formal consent to participate from the participant or person 
responsible for him or her. 
Potential participants who fit the eligibility criteria or the persons responsible for them will be given 
the Participant Information Sheet/Person Responsible Information Sheet. An investigator will 
explain the study protocol to them. No pressure to participate will be placed on them under any 
circumstances. They will be informed that participation in the study is entirely voluntary and they are 
free to withdraw from the study at any stage without any effect on their current and future treatment. 
Those who agree to participate will be given the Consent Form to sign and participate in the study. 
 
Health care interpreters will be used for potential participants who cannot speak English. 
 
2.5 Random allocation 
Participants will be randomly allocated to one of two groups: the splinting plus electrical stimulation 
group and splinting only group. The allocation sequence is computer generated by a person not 
involved in the recruitment. Allocation will be concealed using consecutively numbered, sealed, 
opaque envelopes. The envelopes will be kept off-site in a centralised registry. After completion of 
all the initial assessments, the investigator will contact xxxxx at the central registry of the 
Rehabilitation Studies Unit by phone (02) xxxxxxxx or email xxxxx@med.usyd.edu.au who will 
confirm the participant’s eligibility and number, write the name of the participant and date of 
allocation on the envelop, then open the envelope to reveal the group allocation for the participant. 
 
3 INTERVENTIONS 
Participants will be randomly allocated to one of following two groups: 
1) Splinting plus electrical stimulation group 
Participants in the splinting plus electrical stimulation group will receive a 4-week programme of 
using a hand splint for 12 hours per day, 5-7 days per week, and electrical stimulation to the wrist 
and finger extensors for 60 minutes per day, 5 days per week. The wrist will be splinted in maximum 
tolerable extension. The electrical stimulation will be applied to the wrist extensors with the wrist 
held in maximum tolerable extension using the splint.  
 
2) Splinting only group 
Participants in the splinting only group will receive a 4-week programme of using a hand splint for 
12 hours per day, 5-7 days per week. The wrist will be splinted in a maximal tolerable extension.  
 
No other stretch or electrical stimulation treatments for the wrist and fingers will be administered 
during the trial.  
 
 
3.1 Intervention procedures 
The standard procedure and precautions set up by the Australian Physiotherapy Association (2001) 
and the participating units will be strictly followed. 
 
A) Electrical stimulation 
-Neuro Trac Sports dual channel stimulation units will be used 
 -Electrical stimulation will be applied to the wrist and finger extensors with the wrist in 
maximum tolerable extension in a hand splint.  
-Electrical stimulation will be delivered with: 
 a pulse width of 300 s at a frequency of 50hz 
 an on time of 15 seconds and off time of 15 seconds, and 
 a ramping-up period of 1.5 second  
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-Electrodes will be placed on dorsal aspect of the proximal half of the forearm. Positioning of the 
electrodes may require minor adjustments to achieve maximum tolerable muscle contraction with 
least discomfort (see photo below). 
 
 
 
 
-The amplitude of electrical stimulation will be set at a level to produce maximum muscle 
contractions and finger extension within the tolerance of the participants. Treating 
physiotherapists will monitor participants’ response closely, and increase the intensity when 
appropriate as the participant may acclimate to the stimulation after an initial period of 
stimulation during a session and over the intervention period. 
-For participants whose tolerance could not be ascertained, lesser amplitude just enough to 
produce finger extension (submaximal contraction) will be applied.  
-1-hour of electrical stimulation can either be applied continuously or be divided up into a few 
shorter sessions totaling 1-hour     
-The participants will be instructed to work with the stimulator by actively extending the wrist 
and fingers as much as possible when the stimulation is on. 
-Each application of electrical stimulation will be recorded in the participant’s diary. 
 
B) Wrist splinting 
-Custom-made hand splints will be used for the splinting regimen in both groups.  
-The wrist and fingers will be splinted in maximum tolerable extension for12 hours a day.  
-The splint is generally worn at night but application time can be varied to minimise interference 
with hygiene and therapy.  
-The skin condition of all the participants will be closely monitored when initially wearing the 
splint. 
-The splint will be reviewed every week and modified to maintain maximum stretch as needed. 
-The time of application and removal of the splint each day should be recorded on the weekly 
splinting chart for each participant. The wearing time for each day is then calculated and 
recorded in the participant's diary. 
 
4 OUTCOME MEASURES 
One primary and seven secondary outcome measures will be used to compare the effectiveness of 
the two treatment programmes. The primary outcome measure is the extensibility of the extrinsic 
wrist and finger flexor muscles using a torque of 3Nm. The secondary outcomes are extensibility 
of the extrinsic wrist and finger flexor muscles with a torque of 1Nm and 2Nm, strength of the 
wrist extensors, spasticity of the wrist flexors, motor control and global perceived effect of 
treatment, and credibility of treatment. With the exception of global perceived effect of treatment 
and credibility of treatment, the outcome measures will be taken at the beginning of the trial 
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(baseline). All outcomes will be assessed at the end of the 4-week treatment programme (i.e., 
post-intervention) and 2 weeks later (i.e., follow-up).  
 
The outcome measures will be assessed by blinded and trained assessors. Participants will be told 
prior to the assessment not to disclose group allocation to the assessor. Therapists will ensure 
participants in the Splinting plus electrical stimulation group do not attend the assessment 
session with an electrical stimulator. The success of blinding will be recorded. 
   
Post intervention measurements will be conducted no sooner than 24 hours but within 3 days 
after cessation of the last treatment session. In situations where post-intervention assessment 
cannot be arranged in time, the experimental interventions will continue till the assessment can 
be arranged.  
 
None of the post-intervention measurements will be disclosed to the treating physiotherapists or 
participants until after they have completed the last questionnaires at follow-up. 
 
 
5 ASSESSMENT PROCEDURES 
All the assessment outcomes will be recorded in the Assessment Form. 
 
(1) The extensibility of the extrinsic wrist and long finger flexors 
The extensibility of the extrinsic wrist and long finger flexor muscles will be determined by 
measuring passive wrist extension range with the fingers held in an extended position at 
standardised torques. Measurements will be taken at 1Nm, 2Nm and then 3Nm. For participants 
who cannot tolerate 3Nm, the highest tolerable torque at baseline will be used instead, and the 
same torque will be used for all the subsequent assessments for these participants. A standardised 
procedure and torque application as described by Harvey et al (1994) will be used. This 
procedure has a high reliability, with an intra-class correlation coefficient of 0.85 and 80% CI 
within 5 degrees (Harvey et al 1994). 
 
 SET-UP 
1. Position the participant in supine with elbow extended and shoulder in 30-45 degrees of 
abduction. 
2. Pre-stretch the wrist with fingers by manually extending the wrist and fingers to the point 
where tightness is felt but the participant does not experience pain, maintain this position for 
30 seconds. 
3. Locate and mark the mid-carpal joint. 
4. Position the arm on the device and align the mid-carpal joint with the hinge of the device. 
5. Lift the movable plate of the device under the hand a few times to ensure the participant’s 
palm is pressing firmly against the plate during passive wrist extension. 
6. Secure the fingers, hand and forearm firmly on the device using the straps. 
7. Record the position of the tip of the middle finger using the tape attached underneath the 
movable plate. The same position will be used for every subsequent and follow-up 
measurement. 
8. Ask the participant to relax. 
 
 
  MEASUREMENT 
1. Ensure the palm is firmly placed within the device and the fingers are fully extended during 
the whole procedure.   
2. Apply an extension torque of 1Nm using a calibrated spring.  
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3. Measure the angle of the wrist using the goniometer attached to the base of the device (see   
photo below). 
4. Repeat the measurements with an extension torque of 2Nm and then 3Nm. 
   
    
 
     
 
 (2) Strength of wrist extensors 
Strength of wrist extensors will be determined with a dynamometer. The inter-rater reliability of 
testing strength using a dynamometer is high, with correlation coefficients ranging from 0.84 to 
0.94 (p<.001) (Bohannon et al 1987). To enhance reliability, a specially built device will be used 
to stabilise the forearm and standardise the position of the dynamometer for every measurement. 
The device consists of a base with 4 forearm stabilisers and a holder for the dynamometer (see 
photo in the next page). 
 
SET-UP 
1. Position the participant sitting next to a non-movable table (place the table against a wall if it       
has wheels) and rest the arm to be measured on it (see photo below). If the participant has less 
than neutral shoulder external rotation range, position him or her sitting at a right angle to the 
table (i.e., facing the table) instead.  
2. Note the position in the Assessment Form. The same position will be used for all the 
subsequent assessments. 
3. Measure and record the distance between the top part of the seat and the top of the table. The 
same distance will be used for all subsequent assessments. 
4. Position the participant’s forearm on the device. 
5. Align the distal end of the 2nd metarcarpal (index finger) with the distal end of transducer of   
the dynamometer. 
6. Adjust the position of the four forearm stabilisers to secure the forearm firmly in position. 
7. Secure the measuring device on the side of the table. 
8. Measure and record the distance between the wrist joint and the tip of the 2nd metarcarpal. 
 
 MEASUREMENT 
1. Ask the participant to move at the wrist and push the hand against the transducer of the       
dynamometer as hard as possible.  
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2. Record the maximum reading off the dynamometer.  
3. Repeat the procedure 5 times with a 10-second rest between each.  
4. The best measurement will be used for analysis. 
 
 
(3) Spasticity of wrist flexors 
Spasticity of wrist flexors will be assessed using the Tardieu Scale (Tardieu et al 1988). There is a 
high percentage agreement between laboratory measures of spasticity and the high-speed component 
of the Tardieu Scale, indicating that the Tardieu Scale is a valid clinical tool for the measurement of 
spasticity (Patrick et al 2006).  
 
SET-UP 
1. Position the participant in sitting. 
2.  Stabilise the forearm of the participant with one hand while extending the participant’s wrist 
with the other as fast as possible (faster than the rate of natural drop of the limb segment under 
gravity). The fingers will be supported in extension during the procedure.  
3. Ask the participant to relax.  
 
 MEASUREMENT 
Rate the reaction to passive stretch using this 5-point scale: 
0: No resistance throughout the course of the passive movement, with no clear catch at a 
precise angle 
1: Slight resistance throughout the course of the passive movement, with no clear catch at a 
precise angle. 
2: Clear catch at a precise angle, interrupting the passive movement, followed by release. 
3: Fatigable clonuses (<10 seconds when maintaining pressure) occurring at a precise angle. 
4: Infatigable clonus (>10 seconds when maintaining pressure) occurring at a precise angle. 
 
 
(4) Motor control 
Motor control will be assessed using the hand movement item of the Motor Assessment Scale (Carr 
et al 1985). It tests the participant’s ability to perform motor tasks on a scale of 0 to 6 where 0 
equates to poor function and 6 represents good function. The Motor Assessment Scale has a high 
reliability with an average inter-rater correlation of 0.95 and an average test-retest correlation of 0.98 
(Carr et al 1985). 
SET-UP 
1. Position the participant in sitting 
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2. Ask the participant to perform all items (listed below) without assistance (unless specified) 
and repeated three times, if necessary.  
3. Provide demonstration or repeat instructions if necessary. 
4. Provide general encouragement and verbal cues to gain maximal performance on test items 
but no specific feedback as to whether the movement pattern.  
 
MEASUREMENT 
Score on the best performance from 3 attempts. Tick the items that are passed and cross those that 
are failed from the following list: 
 Sitting, extension of wrist. (Patient sits at a table with forearm resting on the table. Therapist 
places cylindrical object in palm of patient’s hand. Patient is asked to lift object off the table by 
extending the wrist. Do not allow elbow flexion). 
 Sitting, radial deviation of wrist. (Therapist places forearm in mid pronation-supination, i.e., 
resting on ulnar side, thumb in line with forearm and wrist in extension, fingers around a 
cylindrical object. Patient is asked to lift hand off table. Do not allow elbow flexion or 
pronation). 
 Sitting, elbow into side, pronation and supination. (Elbow unsupported and at a right angle. 
Three-quarter range is acceptable). 
 Reach forward, pick up large ball of 14cm (5in) diameter with both hands and put it down. (Ball 
should be placed on table at a distance that requires elbow extension, wrist neutral or extended. 
Palms should be kept in contact with the ball) 
 Pick up a polystyrene cup from table and put it on table across other side of body. (do not allow 
alteration in shape of cup) 
 Continuous opposition of thumb and each finger more than 14 times in 10 seconds. (Each finger 
in turn tabs the thumb, starting with index finger. Do not allow thumb to slide from one finger to 
the other, or to go backwards). 
 
Detailed description of criteria for each task and general rules for administering the MAS are 
attached in the appendix (Carr et al, 1985). 
 
 (5) Global perceived effect of treatment 
Global perceived effect of treatment will be collected from the participant (or the person responsible 
for him or her) and the treating physiotherapist at the end of the 4-week treatment programme (ie., 
post-intervention) and 2 weeks later (ie., follow-up). To keep the assessors blinded, a staff member 
who is not involved in the study will conduct the questionnaire for the participant (or the person 
responsible for him or her).  
 
(6) General perception of credibility of interventions 
General perception of credibility of interventions will be rated by the participant (or the person 
responsible for him or her) and the treating physiotherapist at the end of the 4-week treatment 
programme (i.e., post-intervention). To keep the assessor blinded, a staff member who is not 
involved in the study will conduct the questionnaire for the participant (or the person responsible for 
him or her). 
 
6. ADHERENCE TO INTERVENTION PROGRAM 
The treating physiotherapist will use a diary to record adherence with the treatment programme for 
the participant in the Splinting plus electrical stimulation group or the Splinting only group. Any 
protocol violations, and reasons for these violations, will also be recorded in the diary. These diaries 
will be analysed to determine adherence to the treatment programmes. 
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7. CONCOMITANT THERAPY 
All the participants will receive the usual multi-disciplinary rehabilitation provided by the units 
including an individualised motor training programme. Efforts will be made to avoid administration 
of botulinum toxin for the upper limb during the study. The change in anti-spasticity medications and 
use of botulinum toxin injections will be recorded in the diary. 
 
8. MISSING DATA 
If participants decide to withdraw from the study, a request will be made to them to have the 
outcomes assessed as planned. The data will be used for analysis. 
 
If participants are discharged prior to completion of the 4 weeks of intervention, they will be 
encouraged to continue with the treatment programme at home. Training will be provided to the 
participants and/or their family (or carers) to implement the splinting regimen (for participants in 
either groups) and electrical stimulation (for those in the Splinting plus electrical stimulation group), 
and record in the diary. If necessary, a research assistant will visit 5 days per week to apply electrical 
stimulation, and family (or carers) will remove it at the end of the required time. 
 
9. MINIMISATION OF PERFORMANCE BIAS  
Treating doctors will be blinded to the group allocation to minimise treatment bias. Treating 
physiotherapists will document in the medical notes that treatment for wrist is carried out as per 
study protocol without giving further specifications. Other procedures for managing contracture, 
such as botulinum toxin injections, will be avoided until the study is completed.  
 
10. COMMON QUESTIONS 
1) Under what circumstances will patients be considered unable to participate in the treatment 
programmes? 
Answer: Patients with problems contraindicating the application of a wrist splint or electrical 
stimulation are excluded. The examples are: 
- rate controlled cardiac pacemaker 
- broken skin 
- inability to tolerate even the smallest amount of electrical stimulation 
- poor cooperation 
Patients who had botulinum toxin injections will be able to participate as long as the injections 
were done more than 3 months ago. 
 
2) If both wrists are eligible for inclusion, which wrist will be selected for the study? 
Answer: The most affected wrist will be selected. 
 
3) What are the ways to enhance adherence to the splinting regimen? 
Answer: It is a good idea to continue to use the existing strategies that have worked well in your unit. 
Following are some suggestions that may enhance adherence further: 
- physiotherapists apply splints late in the afternoon and leave them on overnight 
- nursing staff record in the splinting chart (left in the patient’s room) when removing the splint in 
the morning 
- physiotherapists check the splinting chart in the morning each day to check if the splint has been 
removed early and, if so, the reason for this 
- physiotherapists place a splinting chart over bed-side as a reminder for nursing staff 
- physiotherapists use bandage or tape to secure the splints if participants have a known tendency 
to remove splints 
- physiotherapists change/modify splint when there are problems with fitting or discomfort 
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- if the participants is not consistently completing 12 hours of splinting per day, please contact 
Joan Leung on (02) xxxxxxxx 
 
 
4) What are the ways to enhance adherence to the electrical stimulation regimen? 
It is a good idea to continue to use the existing strategies that have worked well in your unit. 
Following are some suggestions that may enhance adherence further: 
- physiotherapists apply electrical stimulation during therapy sessions 
- physiotherapists monitor the participant’s response to the stimulation 
- if the participant cannot tolerate the stimulation, physiotherapist finds out the reason(s) for this 
and take appropriate actions to address it (e.g. reduce the intensity if the participant cannot 
tolerate the intensity) 
- if the participant is not consistently completing 1-hour stimulation, please contact Joan Leung on 
(02) xxxxxxxx 
 
5) What happens if the participant is eligible for both the ankle study and wrist study? 
Answer: The participant will be recruited for the ankle study first. Two weeks after completion of the 
6-week intervention period (i.e., 8 weeks into the ankle study), the participant will be screened for 
recruitment for the wrist study. He or she can enter the wrist study if still eligible. 
 
6) What to do if a participant request to withdraw from the study? 
Answer: If a participant indicates that he or her wants to withdraw from the study, this is the 
recommended procedure to take: 
- have a discussion with the participant/person responsible for him or her to find out the reason(s) 
- identify if there is anything that can be done the resolve the issue(s) 
- inform Joan Leung on (02) xxxxxxxx who will meet with the participant/person responsible for 
him or her if it is appropriate to do so 
- if the participant still decides to withdraw, encourage him or her to have the outcomes assessed 
as scheduled, and inform Joan Leung on (02) xxxxxxxx to organise an exit assessment after 
obtaining his or her agreement 
- inform the participant to fill the revocation of consent form 
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1. BRIEF DESCRIPTION OF THE PROJECT 
The primary objective of the project is to determine the benefit of a multiple modal physical 
approach for the treatment and prevention of contractures in adults with traumatic brain injury. An 
assessor blinded, multi-centre, randomised controlled study will be conducted. In this study, the 
ankle will be selected as a model to assess the effectiveness of the intervention. The multiple-modal 
physical approach will include tilt table standing combined with ankle splinting and electrical 
stimulation. This will be compared to usual care, namely tilt table standing alone. The participants 
will be people with traumatic brain injury admitted to the brain injury rehabilitation units of the 
Royal Rehabilitation Centre Sydney, Liverpool Hospital and Westmead Hospital. 
 
 
2. METHODOLOGY 
2.1 Experimental design 
An assessor-blind, multi-centre, randomised controlled study will be conducted. 
 
36 participants who fulfil the following eligibility criteria will be recruited in the study: 
 diagnosed with first traumatic brain injury 
 unable to walk 17 metres without physical assistance or 50 metres with supervision ie., a score of 
<5 on the Functional Independence Measure walking item (Hamilton et al 1994).  
 have passive dorsiflexion  ankle range of motion <5 and >-15 degrees with the application of 
12Nm of torque  
 willing and able to participate in a regimen of ankle splinting and tilt table standing. The ability 
to tolerate electrical stimulation will not be an inclusion criterion.  
 do not have unstable medical conditions or recent ankle fractures 
 unlikely to be discharged in 6 weeks, and 
 provide consent to participate in the study (the participants or the person responsible for them) 
 
 
2.2 Screening procedure 
The Investigators and physiotherapists of the three brain injury units will screen all existing patients 
and all new admissions. Outcomes of screening will be recorded on the Screening Log (see 
Appendix). Passive dorsiflexion range of motion of patients will be measured with a goniometer and 
manual stretch. When an eligible participant is identified, the Investigators will notify the Principal 
Investigator (Mrs Joan Leung by phone 9808 9215 or email Joan.Leung@royalrehab.com.au) to 
arrange an assessment by a blinded assessor. The blinded assessor will confirm participant’s 
eligibility. 
 
Patients who are potentially eligible (eg. those who fulfil all the other criteria but have > 5 degrees of 
ankle dorsiflexion range of motion) will be recorded on the Screening Log and monitored using a 
Monitoring Log. Investigators will cease monitoring when a change in eligibility is deemed unlikely. 
 
The investigator at each site will submit a copy of the Screening Log to Mrs Joan Leung (fax number 
9809 9027) each month so that the recruitment rate can be monitored. The use of the Screening Log 
and Monitoring Log will ensure all potentially eligible patients are considered for recruitment.  
 
 
2.3 Recruitment 
Participant Information Sheets /Person Responsible Information Sheets and Consent Forms (see 
Appendix) will be provided to each of the participating units. The Participant/ Person Responsible 
Information Sheets describe how the study will be conducted, the potential benefits and risks, 
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confidentiality issues and right to withdrawal. The Consent form will be used to obtain formal 
consent to participate from the participants or the persons responsible for them. 
 
Potential participants or the persons responsible for them will be given the Participant / Person 
Responsible Information Sheets. An investigator will explain the study protocol to them. No pressure 
to participate will be placed on the potential participant under any circumstances. They will be 
informed that participation in the study is entirely voluntary and they are free to withdraw from the 
study at any stage without any effect on their current or future treatment. Those who agree to 
participate will be given the Consent Forms to sign and commence involvement in the study. 
 
Health care interpreters will be used for potential participants who cannot speak English. 
 
2.4 Random allocation 
Participants will be randomly allocated to one of two groups: the multi-modality group (tilt table 
standing plus splinting and electrical stimulation) and single modality group (tilt table standing only). 
The allocation sequence will be computer generated by a person not involved in the recruitment. 
Allocation will be concealed using consecutively numbered, sealed, opaque envelopes. The 
envelopes will be kept off-site in a centralised registry. After completion of the initial assessment by 
a blinded assessor, the investigator will contact xxxxx at the central registry of the Rehabilitation 
Studies Unit of the Royal Rehabilitation Centre Sydney by phone  (02) xxxxxxxx or email 
xxxxx@med.usyd.edu.au) who will then open the envelope to reveal the group allocation for the 
participant. 
 
3. INTERVENTIONS 
Participants will be randomly allocated to one of following two groups: 
1) The multi-modal group 
Participants in the multi-modal group will receive a 6-week programme of 12 hours ankle splinting 
per day plus 30 minutes of passive standing on a tilt table using a wedge under the feet to maximise 
stretch and electrical stimulation while standing on a tilt table. All interventions will be applied 5 
days per week.  
 
2) The Single-modality group 
Participants in the single-modality group will receive a 6-week programme of 30 minutes of passive 
standing on a tilt table. No wedge will be used under the feet. The intervention will be applied 3 days 
a week. 
 
During the 4-week post-intervention period, participants in both groups will continue to stand on a 
tilt table for 30 minutes, 3 times a week, with no wedge. Splints and electrical stimulation will not be 
used for ankles in either group. 
 
All participants will receive the usual multi-disciplinary rehabilitation provided by the three brain 
injury units including an individualised motor-training programme. No other passive stretch-based 
interventions will be administered to the ankle during the trial. 
 
 
The standard procedure and precautions set up by the Australian Physiotherapy Association and the 
participating units will be strictly followed. These are described for each intervention, below. 
 
1) Tilt table standing 
- The multi-modal group: 
 maximum tolerable stretch will be applied to the ankle plantarflexors 
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 treating physiotherapists will check to ensure that the heels are slightly off the 
supporting surface at the start of the stretch time 
 a wedge will be used to increase the intensity of stretch where applicable 
 
- The single-modality group: 
 A piece of foam will be placed under the feet to minimise the amount of stretch 
 no wedge will be used 
 the ankles will not be stretched beyond a plantigrade position 
- Vital signs including blood pressure, oxygen saturation, heart rate, sweating, lip colour, facial 
expression and level of arousal will be monitored as per standard care to determine tolerance.  
- The inclination of the tilt table will be dictated by the participants’ tolerance and increased 
gradually until an upright position is achieved. 
- The 30 minutes standing can be conducted in one session or with rest periods as necessary. 
 
2) Electrical stimulation 
- For the multi-modal group only 
- Neuro Trac Sports dual channel stimulation unit will be used 
- Electrical stimulation will be applied to the ankle dorsiflexors (namely tibialis anterior and   
extensor digitorum longus) while standing on a tilt table 
- Settings are: 
 a pulse width of 300 s at a frequency of 50hz 
 an on time of 10-15 seconds and off time of 20 seconds, and 
 a ramping-up period of 1.5 second and a ramping-down period of 1 seconds 
The electrical stimulation programme will be pre-set and installed under ‘PC1’. 
- The amplitude of electrical stimulation will be set at a level to produce maximum muscle 
contractions within participants’ tolerance. Treating physiotherapists will monitor 
participants’ response closely.  
- For participants whose tolerance cannot be ascertained, a smaller amplitude will be used which 
is just large enough to produce muscle contractions.  
- Electrical stimulation will not be used on participants who have contraindications (i.e., rate 
controlled cardiac pacemaker and broken skin) or are unable to tolerate even the smallest 
amount of stimulation. Inability to receive electrical stimulation will not be an exclusion 
criterion. 
- Electrode placement is illustrated in the pictures below 
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Instructions:  - Clean the skin with alcohol prior to placing the electrodes. 
- Place the electrodes just lateral to the anterior border of the tibia in the 
proximal 1/2 of the lower leg. 
- Re-adjust the position the electrodes to achieve maximum tolerable muscle 
contraction with least discomfort. 
 
3) Ankle splinting 
- Commercially available splints (Formit) will be used to splint the ankles (see supplier’s 
instruction sheet in the Appendix).  
- The appropriate size will be selected for the participants 
- The splints will generally be worn at night however this can be varied to minimise interference 
with hygiene and therapy.  
- Ankles will be splinted in maximum tolerable dorsiflexion.  
- The skin condition of the participants will be closely monitored.  
- Different splints can be used if there are problems with the Formit and care will be taken to 
ensure that they provide adequate stretch.  
 
4. OUTCOME MEASURES 
The primary outcome will be passive dorsiflexion range at 12Nm. The secondary outcomes will be 
passive dorsiflexion range at 3Nm, 5Nm, 7 Nm and 9Nm, spasticity, activity limitation, global 
perceived effect of treatment and global perception of credibility of the interventions. All the primary 
and secondary measures will be taken at the beginning of the trial (ie. baseline), at the end of the 6-
week programme period (ie. post-intervention) and 4 weeks later (ie. follow-up). No baseline 
measurements will be required for the global perceived effect of treatment, and the general 
perception of credibility of the interventions. 
 
Post-intervention measurements will be conducted no sooner than 24 hours but within 3 days after 
cessation of the last treatment session. In situations where post-intervention assessment cannot be 
arranged within the timeframe, the experimental interventions will continue till the assessment can 
be arranged.  
 
The outcome measures will be taken by blinded and trained assessors. In order to ensure blinding, 
participants will be told prior to the assessment not to disclose group allocation to the assessor. 
Therapists will ensure participants in the multi-modal group do not attend the assessment session 
with an ankle splint or electrical stimulator. The success of blinding will be recorded. 
 
5. ASSESSMENT PROCEDURES 
All the assessment outcomes will be recorded in the Assessment Form. 
 
1) Passive ankle dorsiflexion range 
Passive ankle dorsiflexion range will be measured by a footplate with a standardised torque as 
described by Harvey et al (2003). This assessment procedure has high intra-rater reliability with 
intraclass correlation coefficient of 0.95 (95% CI, 0.91-0.98) (Harvey et al 2003). 
 
SET-UP   
1. Secure the ankle measurement device at one end of a plinth. 
2. Lay the participant supine with the knee positioned in flexion and the ankle firmly secured in 
the footplate of the device using two straps. Align the ankle with the axis of rotation of the 
device by varying  
i) the number of footpads 
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ii) the length of the heel strap 
Then passively push the knee into extension. 
3. Check the base of the footplate to ensure the participant’s heel is pressing firmly against the 
footplate. 
4. Ask the participant to relax.  
5.  Test the set-up. Apply a torque of 12Nm by hanging the specified weight from the rim of the 
wheel. If the foot slides off the plate, re-adjust the foot straps, vary the number of footpads or 
select a new length for the heel strap. Repeat the procedure until the heel stays firmly against 
the plate when the torque is applied.  
6. Record the length of strap and the number of each of the footpads used in the assessment 
form. The same has to be used for all the measurements for the same participant throughout 
the study. 
 
MEASUREMENT 
1. Ensure the heel is firmly within the device during the whole procedure.  
2. Apply a constant ankle dorsiflexion torque of 12Nm  
3. Maintain the stretch torque for 3 minutes before taking any measurements.  
4. Reduce the torque to 3Nm. 
5. Measure the angle of the footplate by placing the bottom of the inclinometer (marked with 
yellow tape) on the bottom of footplate (marked with yellow tape). Record the angle and the 
tilt of the foot-plate. 
6. Measure the tibial inclination by placing the inclinometer horizontally on the lower one-half 
of the lower leg. Record the angle and position of the tibia. 
7. Increase the torque to 5Nm. Repeat steps 5 and 6. 
8. Repeat the measurements with the application of a torque of 7Nm, then 9Nm and finally 
12Nm 
(Please refer to the users instruction manual for the ankle measurement device for more detailed 
information and illustrations). 
2) Spasticity of ankle plantarflexors (Held and Pierrot-Deseilligny1969, Tardieu et al 1988) 
Spasticity of ankle plantarflexors of participants will be rated using the Tardieu Scale (Tardieu et al 
1988). In a supine position, the participant’s leg will be positioned in slight external rotation and with 
knee slightly flexed. The blinded assessor will stabilize the shank of the participant with one hand 
while moving the participant’s ankle with the other as fast as possible (faster than the rate of natural 
drop of the limb segment under gravity). Participants will be instructed to relax during the test.  
 
Reaction to passive stretch will be rated on a 5-point scale: 
0: No resistance throughout the course of the passive movement, with no clear catch at a precise 
angle 
1: Slight resistance throughout the course of the passive movement, with no clear catch at a precise 
angle. 
2: Clear catch at a precise angle, interrupting the passive movement, followed by release. 
3: Fatigable clonuses (<10 seconds when maintaining pressure) occurring at a precise angle. 
4: Infatigable clonus (>10 seconds when maintaining pressure) occurring at a precise angle. 
 
A high percentage of agreement with laboratory measures of spasticity indicates that the Tardieu 
Scale, when conducted at high speed, is a valid clinical tool for the measurement of spasticity in 
ankle plantarflexors (Patrick and Ada 2006). 
 
3) Activity Limitations 
a) The score for the walking item of the Functional Independence Measures (FIM) will be used to 
quantify the activity limitations. The inter-rater reliability of the FIM motor items is from 0.84 to 
0.97 when administered on people with traumatic brain injury (Donaghy 1998). 
 134 
 
 
 
The assessor will rate the walking item using a 7-point scale: 
7 walks a minimum of 150 feet (50metres) without assistive device safely 
6 walks a minimum of 150 feet (50metres) but uses a brace or prosthesis on leg, special adaptive 
shoes, walking aids, or take more than reasonable time or there are safety considerations. 
5 walks only short distances (a min of 50 feet or 17 metres) independently with or without device. 
Takes more than reasonable time, or there are safety considerations OR walks with standby 
supervision, cuing or coaxing to go a min of 150feet (50m) 
4 performs 75% or more of locomotion effort to go a minimum of 150 feet (50metres) 
3 performs 50 to 74% of locomotion effort to go a minimum of 150 feet (50metres) 
2 performs 25% to 49% of locomotion effort to go a minimum of 50 feet (17metres) 
1 performs less than 25% of locomotion effort to go a minimum of 50 feet (17metres) or requires 2 
people to assist, or unable to walk a min of 50 feet 
 
b) Activity limitations will also be determined by the 10-metre walk test. Time taken to walk the 
central 10 metres of a 14-metre walkway (i.e., there is a 2-metre distance at the beginning and end of 
the test to allow for acceleration and deceleration) will be measured. The assessor will ask the 
participants to walk as fast as possible. Walking speed will be calculated and used for analysis. The 
same walking aide will be provided in all assessments. This test will only be conducted on 
participants who can walk without physical assistance. 
 
4) Strength of ankle dorsiflexors 
Strength of ankle dorsiflexors will be determined using manual strength testing (Kendall et al 2005). 
The data will not be used as an outcome measure but for group comparison at baseline. 
 
 0   no voluntary dorsiflexor muscle contraction 
 1   trace of voluntary dorsiflexor muscle contraction 
 2   active ankle dorsiflexion to full range in a gravity-eliminated position (side-lying position) 
 3  active ankle dorsiflexion to full range against gravity (supine with knee bent, or in sitting) 
 4 ankle dorsiflexion against moderate resistance (supine with knee bent, or in sitting) 
 
5) Global perceived effect of treatment and credibility of interventions 
Global perceived effect of treatment and general perception of credibility of interventions will be 
collected from participants/person responsible for them and treating physiotherapists using 
questionnaires. To keep the assessors blinded, a staff member who is not involved in the study will 
conduct the questionnaire for participants/person responsible for them. 
 
All the post-intervention measurements will not be disclosed to the treating physiotherapists or 
participants until after they have completed the last follow-up assessment. 
 
6. ADHERENCE TO THE INTERVENTIONS 
The treating physiotherapists will use a diary to record adherence with the programmes of 
experimental and control participants. Any protocol violations and reasons for violations will also be 
recorded in the diary. Changes in the use of anti-spasticity medications and botulinum toxin 
injections, if any, will also be recorded in the diary. These diaries will be analysed to determine 
adherence to the treatment and control programmes. 
 
7. OTHER INFORMATION 
Demographics and injury details will be recorded in the Demographics Form.  
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8. MISSING DATA 
If participants decide to withdraw from the study or are discharged prior to completion, they will be 
asked if they are willing to have their final measurement taken. The data will be used for the 
intention-to-treat analysis.  
 
9. MINIMISATION OF PERFORMANCE BIAS AND OTHER CONFOUNDERS 
Treating doctors will be blinded to the group allocation to minimise treatment bias. Treating 
physiotherapists will document in the medical record that treatment for the ankle was carried out as 
per study protocol without providing further specifications. Efforts will be made to avoid 
administration of botulinum toxin for the ankles during the study. 
 
10. COMMON QUESTIONS 
1) Under what circumstances will patients be considered unable to participate in the splinting 
regime or tilt table standing? 
Answer: Patients with contraindications to the application of an ankle splint or tilt table standing are 
excluded. Examples are: 
 severe equinovarus ankle contracture  
 severe hip or knee flexion contracture 
 unstable medical conditions 
 orthopaedic conditions which require non-weight bearing or immobilisation of ankle 
 dysautonomia to a degree that compromises compliance with experimental interventions 
 
2) Can ankles be stretched in standing using a standing frame instead of on a tilt table? 
Answer: Ankles can be stretched using a standing frame provided that the correct duration (i.e., 30 
minutes) and intensity (strong stretch for the multi-modal group) of stretch is administered during 
standing as per group allocation. 
 
3) If both ankles are eligible for inclusion, which ankle will be selected for the study? 
Answer: The most affected ankle will be selected. 
 
4) What are the ways to enhance compliance with the splinting regimen? 
Answer: It is a good idea to continue to use the existing strategies that have worked well in your unit. 
The following are some suggestions that may enhance compliance further: 
- physiotherapist to apply splint late in the afternoon and leave it on overnight 
- nursing staff to  record in the splinting chart (left in the patient’s room) when removing the splint 
in the morning 
- physiotherapist to check the splinting chart in the morning each day to check for any violations 
and reasons for violations 
- physiotherapist to place a splinting regimen chart over bed-side as a reminder for nursing staff 
- physiotherapist to use bandage or tape to secure the splints if participants have a known tendency 
to remove splints 
- physiotherapist to change/modify splint when there are problems with fitting or discomfort 
 
5) Can we recruit patients who had previously received Botulinum Toxin injections? 
Answer: Yes, we can recruit them provided that the injections were administered > 3 months ago. 
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